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ABSTRACT 


This  is  the  second  in  a  series  of  reports  describing  the  wc  .‘k  of  the 
Lincoln  Laboratory  phased  array  project.  This  report  vers  the 
period  from  1  July  1960  to  1  July  1961;  the  effort  prior  to  this  time 
is  covered  in  Lincoln  Laboratory  Teohoica’  ?t.Pt;ort  iCo.  228. 

Tli“  pr03  jcx  e'fcrt  mainly  'j-s'ected  toward  investigatioi.  of  com¬ 
ponents,  techniques  and  the  fundamental  theoretical  limitations  of 
arrays  for  long-range  radar  applications. 

Research  on  components  for  arrays  continues  to  cover  a  broad  spec- 
trotn  oi  effort,  including  such  diverse  topics  as  low-noise  RF  ampli¬ 
fiers,  high-power  modular  trammitterSj  high-speed  buili ling  blocks 
for  data-proceosing  systems,  high-speed  micrvvv.e  3,<itche8  and 
several  types  of  phase-shifting  devices.  The  techniques  work  has 
seen  increased  emphasis  on  low-loss  simultaneous  beam-forming 
techniques  for  array  receivers,  with  decreased  interest  in  configu- 
rutions  requiring  a  complel..  ieceiver  behind  each  antenna.  Studies 
of  various  radar  pi-obleiao  o.  Juterest  to  this  group  have  indicated 
that  the  most  technically  feasible  appr',ach  to  the  transmitter  prob¬ 
lem  remains  that  of  a  separate  transmitter  behind  each  element. 
Several  innovations  on  this  technique  point  toward  realizing  relatively 
inexpensive  transmitter  modules.  The  techniques  of  controlling  and 
monitoring  arrays  making  use  of  the  transmitting  and  receiving  ap¬ 
proaches  outlined  above  are  also  under  investigation. 

The  linear  test  array  continues  to  be  operated  as  both  a  usable  test 
radar  and  a  useful  test  bed  for  already  developed  components.  The 
results  obtained  to  date  on  life  tests  of  some  of  the  earlier  compo¬ 
nents  are  reported,  and  nriodificaticns  suggested  by  the  experience 
with  these  components  are  outlined. 

Studies  of  th-.'  fundamentals  of  arrays  have  been  largely  confined  to 
efforts  toward  better  understanding  of  the  phenomena  of  mutual  cou¬ 
pling  in  antenna  arrays  and  the  effects  of  "errors,"  both  unintentional 
and  intentional,  on  the  properties  of  array  patterns.  The  question  of 
the  bandwidth  of  "phased"  arrays  has  also  received  some  considera¬ 
tion  as  reported  her.  in. 

All  these  activities  are  guided  and  directed  by  continuing  studies  of 
systems  applications  of  long-range  arrays.  Since  these  studies  are 
classified,  they  are  not  reported  in  this  document. 
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CHAPTER  I 

PROJECT  ASD  REPORT  ORGANIZATION 
J.  L.  Allen 


A.  INTKODUCl'ION 

This  report  describee  the  activity  for  the  period  1  Jul^y  1960  to  1  July  1961  of  the  phased  array 
radar  program  carried  out  by  members  of  the  Special  Radars  Group  of  Lincoln  Laboratory.  This 
is  Lie  second  report  of  this  project,  the  first  being  Lincoln  Laboratory  Techniciil  Report  No. 

This  report,  like  Hie  earlier  one,  is  in  the  nature  of  a  progress  report  and  reports  all  work 
carried  out  during  the  stated  period,  plus  work  still  in  progress.  The  work  Is  reported  In  con¬ 
siderable  detail,  each  neotion  being  written  by  the  engineer  directly  responsible  for  the  Investi¬ 
gation  The  report  la  largely  Intended  for  other  workers  in  the  field,  and  is  so  written. 

B.  PROJECT  PHILOSOPHY 

The  past  few  years  have  seen  a  marked  increase  In  interest  In  array  radars  as  a  solution  to 
long-range  radar  problems.  'This  increased  Interest  has  further  served  to  point  out  the  need  for 
the  development  of  im,yroved  techniques  and  components  for  array  radars.  This  project  V'ls  con¬ 
ceived  to  help  fulfill  this  need  by  concentrating  ef.  orts  on  the  conception,  design,  construction 
and  continued  improvement  In  techniques  and  components  for  such  arrays. 

Whereas  a  separate  project  concerned  only  vdth  the  development  of  components  and  techniques 
might  sometimes  have  been  of  questionable  value  In  the  conventional  radar  environment.  It  Iti  clear 
that  such  work  assumes  a.  new  important  stature  in  the  array  radar  environment.  The  justification 
for  this  atatement  lies  in  the  fact  that  array  radars  are  composed  of  very  large  numbers  of  dupli¬ 
cate  parts,  with  only  a  few  distinct  types  being  used.  This  situation  is  directly  analogous  to  that 
commonly  encountered  in  digital  computers.  That  is,  just  as  manufacturers  of  "building  blocks" 
for  digital  computers  have  maa,^  possible  the  economic  and  speedy  construction  of  such  computsrs, 
the  development  of  such  components  for  arrays  can  make  possible  the  reasonably  economical  and 
rapid  construction  of  array  radars.  Indeed,  with  the  present  interest  on  "one-of-a-hllnd"  arrajls 
on  the  part  of  the  various  using  agencies,  an  effort  toward  standardizing  components  for  arrays 
may  represent  the  only  method  for  realizing  the  mass  production  economics  commonly  aasociaied 
v/ith  array  construction.  For  example,  our  studies  and  conversations  with  tube  manufacturers 
have  indicated  that  the  ultimate  low  cost  in  iransmlttlng  tube  development  Is  not  realized  until  a 
manufacturer  reaches  the  level  of  a  sustained  production  of  hiiiidieds  or  thousands  of  tubes  per 
month.  Thus,  It  Is  clear  that  one  large  array,  even  if  any  associated  development  costa  are  dis¬ 
counted,  cannot  realize  true  production  economy  on  a  one- of -a -Kind  bssls. 

Thus,  guided  by  syntems  studies  of  potential  lo,ig-range  radar  usee  (such  us  satellite  surveil¬ 
lance  and  tracking,  and  mlasile  detection  and  discrimination),  the  members  cl  thta  project  are 
attempting  to  help  fulfill  the  need  for  "building  blocks"  for  long-range  array  use.  Toward  this 


*  J.L.  Allen,  .qt  si.,  "Phoied  Army  Rodar  Studlai,  1  July  1959  to  1  July  1960,"  Technical  Report  No.  228  {l>i 
lincoln  Ixiboratory,  M.  I.T.  (12  August  1960),  AST lA  249470,  H-33c. 


.j,  in  addition  to  the  direct  WO"  t ’n  :oinponent  1  :^n  and  development,  special  test  facilities 

vr*  been  constructed  for  thorou;{hly  testing  suclt  t  ts  in  appropriate  environments  over  long 
.  iods  of  time.  These  test  fact  ities  .ire  modif'.'  '"rom  time  to  time  as  i-equired  to  keep  track 
.^hanging  parameters  in  c^mpcnent  <  evelopmti. 

In  order  to  guide  the  technique  and  compom.:  i  jvelopment,  in  addlticn  to  the  systems  studies 


previously  mentioned,  a  continuing  pro  jram  of  •• 
CJ.  rried  out. 

To  be  o'  maximum  benefit  tc  the  ov  'r-ali 
a  iiigh  degree  of  ir.formation  interchange  with  o<l: 
th.s  have  continued  *hei  .*  attempt  to  maif 


i  of  the  fundamental  limitations  of  arrays  Is 

cfort,  a  project  such  as  this  mus!  ’^“intain 
v^orkers  in  array  technology  Members  of 
1  close  contact  with  similar  work  by  other  or- 


grnirati  ms  a;  d  hav-  eni  "vra^.  1  cthtrs  to  be^'  :.t  ,  xs-tiiliar  with  this  effort.  Publication  of  re- 
:  -iz  £•  .  •  .iw  ;  -po  .'utc  .'riy  ■  p-rl  «>i'  .Xic  ol’i  .rt  in  this  direction.  V'l,  attempt  to  maintain 

pc  lOivJ.  coritij.ct.  with  -.••thcr  '';verninent-s  ipported  f  s  ay  work  in  the  country  and  have  in  the  past 
v.  o  ‘k*.*  r,  i;.  7^. /emmeni  and  industvy  ■:  visit  with  us  here  at  the  Laboratory.  De- 

spi  e  the  burden  that  such  visits  impose  upon  the  avu  .  ble  time  of  personnel,  it  is  felt  that  the 
e  bten  V'.U  >vo.rth  t.vu.  it  im r.' to  continue  tnis  policy  in  the  future.  In 

ord..-r  to  ..laximize  tht  utility  of  iuiarc  meetings,  however,  it  is  hoped  that  those  contemplating 
discussion  with  us  will  first  avail  themselves  of  the  background  information  contained  in  this  re¬ 
port  and  in  TR-228  on  subjects  of  interest. 


C.  REPORT  CONTENTS  AND  ORGANIZATION 

As  stated  in  the  Introduction,  this  report  is  in  the  nature  of  a  progress  report,  describing 
•  the  work  both  completed  and  in  progress  during  the  reporting  period  covered.  We  have  attempted 
to  report  all  the  significant  work  in  detail,  including  projects  that  were  unsuccessful,  where  the 
lack  of  success  would  be  meaningful  to  others  in  the  field. 

Since  the  responsibility  for  various  facets  cf  the  projects  has  been  undertaken  by  individual 
engineers,  the  report  has  been  v'ritten  by  the  people  directly  concerned,  with  a  minimum  of  alter¬ 
ation  on  the  part  of  the  editors.  In  order  to  promote  further  interchange  on  the  topics  discussed, 
the  authors  of  the  individual  sections  have  been  cited  with  the  appropriate  sections.  Where  no 
author's  name  appears  on  the  section,  the  author  is  the  same  as  the  name  given  on  the  next  high¬ 
est  division  of  the  report. 

Sinx'e  the  individual  sections  of  the  report  are  written  by  people  quite  close  to  the  material 
on  whiC'  they  are  writing,  the  report  runs  the  usual  danger  in  that  authors  may  be  guilty  of  pre¬ 
suming  considerable  prior  knowledge  of  the  subject  on  the  part  of  the  reader.  The  editors  have 
attempted,  within  the  bounds  of  reasonable  limits,  to  encourage  the  authors  to  give  sufficient 
background  information  or  references  to  enable  the  interested  person  to  profit  from  the  material 
contained  herein.  Also,  each  chapter  of  the  report  has  been  preceded  by  a  brief  summary  of  the 
material  contained  therein.  These  summaries,  along  with  the  Table  of  Contents,  should  enable 
the  casually  interested  reader  to  easily  grasp  the  over-all  content  of  the  report  and  hopefully  di¬ 
rect  the  interested  reader  to  material  of  primary  interest  to  him. 

The  report  is  divided  into  three  parts.  The  first  contains  the  introductory  material,  a  sum-- 
mary  of  the  test  facilities  of  the  project,  and  the  information  that  has  been  gleaned  from  the  past 
year's  operation  of  various  components  in  the  test  fsr-ility.  The  second  part  deals  with  the  com¬ 
ponent  and  technique  development  of  the  protect  and  is  subdivided  into  one  chapter  for  each  ma¬ 
jor  area  of  component  and  technique  development.  Part  3  deals  with  the  supporting  studies  of  the 
array  fundamentals. 
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CHAPTER  n 
TEST  F'  lUTY 
Edited  by  S.  Spoerri 

A.  l^ITRODUCTION  AMD  SUMMARY 

This  chapltDi’  provides  a  brief  deaorlptlon  of  the  current  Group  ‘H  faculties  for  the  tasting 
of  array  oomponents  and  technlqtiea.  The  over -all  performance  of  the  linear  array  radcr  facil¬ 
ity  with  Its  present  components  Ir  alto  discussed. 

The  test  facility  described  In  TR.Z28  has  been  expanded  and  improved  since  the  writlnf,' 
that  report.  The  orlglt,  '  equipment  complex  is  referred  to  here  as  the  linear  array  radar  facil¬ 
ity  to  differentiate  it  from  ttie  hlgh-power  testing  facility  and  the  transmitter  tost  faclllt/  which 
have  now  been  added. 

The  linear  array  radar  facility  o-  cuplea  one  large  room  cf  the  Building  C  penthouse  In  ad 
dition  to  the  5b -foot  rigid  radome  (Fig.  i-i).  The  transmitter  test  facility  Is  boused  In  a  nun 
penthouse  which  was  erected  to  the  right  of  the  main  penthouse.  The  hlgh-power  testing  facility 
occupies  a  room  adjoining  the  linear  array  facility  In  the  main  Building  C  penthouse.  It  la  cen¬ 
trally  located  between  the  various  RF  pov/er  sources  whose  outputs  are  brought  Into  tlie  room 
through  high-power  transmission  lines. 

A  more  detailed  dc.sc’Tption  of  the  various  teat  facilities  la  given  In  the  following  sections 
by  the  persons  primarily  re.spon3ible. 

B.  LINEAR  ARRAY  RADAR  FACILIlif  S.  Spoavri 

1.  Descriptive  ^luminary 

The  linear  array  radar  facility  la  an  outgrowth  of  the  test  facility  described  in  TR-ZZ8.  This 
section  provides  a  brief  description  of  the  componento  that  make  up  the  linear  array  radar  facil¬ 
ity.  More  detailed  ocsorlptlons  of  some  of  the  parts  are  provided  In  other  sections  of  this  chap¬ 
ter,  In  Part  2  of  this  report  and,  In  some  cases,  In  TR-223. 

Receiving  Antenna  and  Feed  System:-  The  receiving  antenna  for  the  linear  array  radar 
facility  Is  a  solid-surfaced,  offset-fed,  parabolic  cylinder.  The  ref'setor,  shown  In  Figs.  1-2 
and  1-3,  has  a  vertical  aperture  of  15  feet,  a  horlzomal  width  of  22  feet  and  a  focal  length  of 
,5  feet,  The  reflector  is  provided  with  mounting  arms  capable  of  supporting  a  10-foot  linear  arrp,y 
and  the  associated  electronic  equipment  mounted  In  a  box  auapendicd  below  the  antenna  array 
bridge. 

The  present  feed  consists  of  (nominally)*  vertically  polarized,  log-periodic  elements  spaced 
0.58  X,.  The  16  log-periodic  elements  will  be  replaced  by  dipoles  In  the  near  future. 

Tiui  entire  structure  Is  mounted  In  a  55-foot  rigid  radome  on  the  roof  of  one  of  the  Lincoln 
Laboratory  buildings. 

Radar  Transmitter  and  Transmitting  Antenna:--  Figure  1-3  shows  the  transmitter  an¬ 
tenna  mounted  on  the  back  of  the  receiving  antenna  ruflector.  It  la  used  with  the  radar  trans- 
miuer  u  lliurnlnace  a  90'  azimulii  ttuoioi-  (wllii  n  O'  cioviii.ion  beamwidth)  so  that  tbs.  linear  a;  ray 
receiver  a?id  data-processlng  equipment  can  be  tested  In  a  radar  environment. 

The  transmitter  antenna,  constructed  by  D.  S.  Kennedy  Ji  Company,  consists  of  a  waveguide- 
fed  array  of  vertically  polarized  dlixjles. 

*See  Part  2,  Ch,  II, 
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The  r&rtc-r  aiismd-.-r  yrodu'’es  up  tOkw  of  peak  power  a-id  200  watts  of  avei'age  power 
at  a  pvlacWiOtl.  6'  10  psec.  The  ooerating  frequency  Is  900  Mcps. 

Thi6  trsT.-.rraltting  arrangement  will  be  replaced  by  an  electronically  scanned,  16-element 
transmitting  array  (see  Par  2,  Ch.  V*.  Sec.  C). 

Receiv  s:—  The  recei'^lng  array  equipment  box  contains  1'  receiver  strips  which  have 
final  outputs  .t  2  Mcps  (Fi,?.  1-4).  ’iliesc  outputs  are  combined  in  a  resistive  adder  to  provide 
the  receiver  be  output  for  tt  e  display  and  data-processing  equipment. 

Dig:  .'-1  Diode  Ph.i>-e  Shiiters:—  The  receiver  beam  is  electronically  steered  by  means 
a  (.ontroUed  phase  fronts  introduced  in  the  28-Mcps  local  oscillator  voltages  ouppl^cd  to  the  re  ¬ 
ceiver  strips,  "j’he  steering  piuise  snifts  are  generated  by  the  digital  diode  phase  shifters  located 
on  a  platform  behind  the  receiving  antenna  reflector  (Fig.  1  -5). 

Beam-Steering  Computer  and  Display:-  The  phase  shifters  are  controlled  by  the  beam  - 
steering  computer  located  in  the  receiver  equipment  room  of  the  main  Building  C  penthouse 
(Fig.  1-6).  This  computer  also  provides  transmitter  trigger  pulses  and  a  receiver  gate  signal 
(for  the  receiver  shunt-diode  protective  switches). 

The  display  equipment  provides  a  choica  of  a  PPI  radar  presentation  or  an  array  antenna 
pattern  display.  Swixches  are  provided  which  allow  any  of  the  receiver  channel  outputs  to  be  dis¬ 
connected  from  the  beam-forming  summing  network  so  that  the  effect  on  the  array  antenna  pat¬ 
tern  can  be  observed. 

Test  Equipment:-  The  local  oscillator  signals  for  the  receiving  array  can  be  obtained 
from  independent  crystal  oscillator/ multiplier  chains  located  In  a  box  back  of  the  antenna  re¬ 
flector  (Fig.  1-7).  Alte/nativoly,  a  coherent  set  of  local  oscillator  a.nd  test  signals  can  be  sup¬ 
plied  by  the  coherent  frequency  s^Tithesizer  (Fig.  1-8)  in  the  receiver  room. 

Other  test  equipment  includes  automatic  phase  and  amplitude  -.nonitoring  equipment  C'^ig.  1-9), 
an  antenna  pattern  recorder,  and  a  remote  control  test  transmitter  (Fig.  i-10'  located  1700  feet 
away  at  Katahdin  Hill.  The  last  two  items  are  used  for  antenna  pattern  measurements,  Ancthev 
antenna  test  facility  is  located  in  Bedford,  Massachusetts.* 

2.  Receiver  and  Test  Equipment  Details 

The  equipment  box  of  the  16- element  test  receiving  array  has  been  modified  (since  TR-228) 
to  facilitate  installation  of  a  second  generation  of  receiver  strips.  All  power  supplies  were  re¬ 
moved  from  the  box  because  they  proved  to  be  difficult  to  maintain  in  their  former  location.  A 
new  power  supply  harness  was  fabricated  which  connects  to  each  receiver  strip  through  a  single 
power  connector  instead  of  the  cumbersome  barrier  strip  which  was  used  previously. 

The  receiver  strips  are  now  divided  into  two  distinct  sections.  The  RF  amplifier  and  crystal 
mixer  comprise  the  first  section  (Fig.  1-11),  and  the  IF  amplifier,  second  mixer,  and  phase  shifter 
make  up  the  second  section  (Fig.  1-12).  These  changes  have  greatly  reduced  the  time  required 
to  replace  a  defective  receiver  strip,  since  it  is  now  necessary  to  replace  only  the  section  of  the 
receiver  strip  which  is  defective.  In  addition,  the  changeover  from  the  7077  RF  am  plifier/ single - 
ended  mixer  combination  to  the  Adler  electron-beam  parametric  amplifier/baianced  mixer, 
which  is  due  to  take  place  soon,  will  be  facilitated. 


*  A.  Cohen  and  A.W.  Maltese,  "The  Lincoln  Laboratory  Antenno  Test  Range,"  Microwove  J.  £,  57  (April  1961). 
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Flif.  1-13.  Block  cltogrom  of  rcdar  tronimltfor. 
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The  new  version  of  the  i'F  ampliflGi-p  }'^  described  in  Pai-l  t  of  this  repot-t.  The  special- 
purpose  test  equlpinent  which  was  developed  for  testing  and  monlto^'lng  phased  array  rer<-.:vers 
and  components  Is  also  covered  in  Part  Z  of  this  report. 

3.  Radar  Transmitter  Details  M.  Siegel 

The  transmitter  lor  the  linear  array  radar  was  implemented  fer  the  purpose  of  investigating 
tho  behavior  and  properties  of  the  phased  array  receiver  and  data-proces.'jlng  equipment  In  a  ra¬ 
dar  environmsnt  prior  tc  the  construction  of  a  phased  transmitting  array. 

A  fan  beam  is  produced  by  feeding  the  transmitter  antenna  from  the  output  of  a  crystsl- 
controlled  klystron  power  amplifier.  The  beam  can  be  moved  by  mectonioal  rotation  of  the  an¬ 
tenna.  The  final  amplifier  is  an  lj-bar.d  (modified  to  operate  at  900Mcps),  electroatatioally 
fccused,  1-cavlty.  iO-db  gain  klystron  (modified  Sperry  Gyroscope  SAL-89),  It  produces  up  to 
fiOkw  of  peak  power  and  200  watts  of  average  power  at  a  pulsewldth  of  lOpsec.  Provisions  have 
been  made  In  this  system  to  parsllel  two  of  these  tubes  if  this  is  desired  at  a  later  date.  A  block 
diagram  of  the  radar  transmitter  is  shown  in  Fig.  1-13.  Fipirc  l-d4  is  a  photograph  of  the  com¬ 
pleted  transmitter.  The  crystal-controlled  exciter  and  driver  rack  is  at  the  left,  the  hlgh-voitage 
supply  and  control  and  monitoring  panel  is  at  the  riglit,  and  the  Klystron  amplifier,  together  with 
its  modu]a;o,’  and  ground  deck  amplifier,  is  in  the  center. 

4.  Discussion  of  Reilablilty  of  Test  Array  Components  A.  J.  Fallo 

Introduction:-  This  section  Is  devoted  to  general  observationa  of  over  2900  hours  of 
test  array  operation  and  the  results  cf  specific  contiolled  tests.  Component  failures  in  general, 
and  .also  for  each  type  of  unit,  are  discussed  and  summarized.  Information  regarding  data  gained 
by  removing  the  amplifier  ati’lpa  from  the  array  for  electrical  anil  mechanical  inspection  ie  sum¬ 
marized.  There  is  also  a  discussion  o*  a  number  of  specific  controlled  f  eels  designed  to  Asoertain 
variations  in  the  phe.se  and  amplitude  of  each  an.pllflcr  strip,  and  the  net  effect  of  these  cf/anges 
on  tho  array  sldclobe  levels. 

Component  Failures!-  The  log-periodic  anteiuia  elements,,  the  directional  couplers 
and  the  900 -Mops  hybrid  corporate  feed  have  been  Intact  since  thelv  original  Installation.  The 
870-McpB  local  oscillator  corporate  feed  has  had  two  defective  hybrids,  loo.se  type  N  connector 
contacts  seem  to  have  caused  the  difficulty.  One  of  theoc  defective  BTO-Mcps  hybrids  caused  the 
last  eight  channels  of  the  ari-ay  to  shift  in  phase  by  more  than  20*  with  respect  to  the  first  eight 
channels  without  affecting  the  first  mixer  crystal  currents  or  the  Binplltude  of  the  che.nnel  outputs. 

The  vacuum  tube  RF  amplifiers  have  bean  practically  trouble  free,  All  but  three  of  these 
units  are  still  operating  with  the  originally  installed  O.E.  7077  tubes.  In  the  first  dHteotor  ovye- 
tal  mixers,  whlcti  follow  the  RF  ampUflers,  two  diodes  have  been  changed  for  better  stability. 

The  IF  ampUfiern  have  had  no  transistors  or  components  changed.  The  2.Mcpa  phase 
shifters  have  experienced  two  breakdowns;  one  was  the  result  of  a  bad  transistor;  another  was 
caused  by  a  broken  connection  In  the  unit  Itself. 
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Electrical  and  Mechantoal  Inspection  of  Recaivei'  Stripe:-  After  the  ayatem  had  clocked 
iJ700  operational  hours,  the  receiver  atripa  were  removed  from  the  array  two  at  a  time.  The 
RF  a.mplifler  tubes  and  socket  connections  were  inspected  and  cleaned,  and  each  unit  was  re¬ 
aligned  for  a  gain  of  13,5  to  ISdb.  Each  RF  amplifier,  with  its  associated  crystal  mixer,  was 
then  fed  into  a  test  IF  strip  —  a  spare  of  the  type  used  in  the  system.  Each  combination  had  a 
gain  of  68.5  to  69.5  db. 

Simultaneously,  at  another  teat  bench,  the  IF  strips  were  tested  and  alioned  '''be  gain  of 
these  units  ranged  from  alow  of  70 db  to  a  high  of  75.5  db  at  maximum  gain.  The  completed  strips 
were  then  adjusted  for  a  gain  of  70  3h  by  means  oi  the  gain  control  located  in  each  IP  amplffler. 

About  250  operational  hours  later,  the  28-Mcp3  local  oscillator  Inputs  to  the  receive),  strips 
were  individunlly  padded  to  make  the  strips  limit  more  uniformly. 

Specific  Controlled  Teats:—  The  realigned  receiver  strips  were  in  service  for  over 
1000  hours  when  controlled  reliability  tests  were  conducted  to  determine  liow  much  the  amplitude 
and  phase  of  each  receiver  strip  would  change  and  how  the  sldelobes  of  the  antenna  pntteiTi  dis¬ 
play  would  be  afflicted  under  various  test  conditions. 

For  the  first  teat,  the  array  was  operated  on  a  24-hour  schedule.  Phase  and  amplitude  levels 
were  recorded  three  to  six  times  each  day.  The  antenna  pattern  sldelobe  level  v/as  .also  .recorded. 
The  first  eiglit  channels  of  the  array  utilisscd  the  new  tvideband  IP  strips  (see  Pari  2,  Ch.  V)  in 
the  IF  section  of  the  receiver  strips.  Channels  9  through  16  operatad  with  the  old  IF  amplifiers 
(described  in  TR-228).  The  results  of  this  i20-hour  test  for  amplitude,  phase  and  sldelobe 
changes  are  listed  Iti  Tables  l  -I  and  i-11,  respectively  The  differential  amplitude  errors  were 
of  the  order  of  1  db  with  phase  errors  of  about  8’  The  sldelobes  were  better  than  -22  db  except 
fo,  one  reading  of  —  21  db 

The  next  teat  was  to  ascertain  the  effects  of  cycling  the  system  on  and  off.  The  system  was 
operated  during  the  working  day  and  tur.ned  off  for  the  night.  When  the  sysiem  was  turned  on  the 
following  morning,  some  channels  differed  considerably  from  the  previous  day's  phase  and  am¬ 
plitude  readings.  For  example,  channel  2  ciianged  30”,  channel  3  changsd  19*  and  channel  6 
chanflcd  23",  whereas  cliannel  15  changed  only  4“,  Therefore,  the  changes  in  phase  ranged  from 
a  lev/  of  4°  to  a  high  of  .30*.  Tha  amplitude  changes  were  not  so  radical.  Differences  In  ampli¬ 
tude  from  the  previous  day  ranged  from  1  to  2  db.  The  system  required  about  3  hours  of  warm¬ 
up  time  to  return  to  phase  and  amplitude  readings  comparable  to  thosn  of  the  previous  day. 

In  order  to  ascemir.  the  reaeon  for  this  long  warm-up  time,  ail  the  power  supplies  were 
left  on  except  for  the  RF  amplifier  supply  which  was  turned  off.  The  following  morning,  phase 
and  amplitude  wore  again  radically  changed,  Indlcalionr  were  that  the  RF  amplifier  required  a 
long  warm-up  time.  In  order  to  verify  thie,  all  power  supplies  were  turned  off  the  following 
nignt.  Only  the  RF  amplifier  power  wee  loft  on,  The  following  morning,  wl>en  all  other  power 
supplies  were  turned  on,  the  phase  and  a.-nplltude  readings  were  comparable  to  tho.se  recorded 
during  the  24-hour  scheduled  testing  period.  The  cycling  test  dercrlbed  above  was  repeated. 

The  conclusion  was  that  the  RF  amplifiers  require  2  to  3  houra  of  warm-up  time.  The  Q.  E,  7077 
ceramic  trlode  used  in  the  RF  ampltfler  was  run  near  maximuir.  dlsBlpat'.on  for  optimum  noise 
figure,  and  the  heat  fro.m  the  tube  was  probably  affecting  the  physical  dimensions  of  the  output 
cavity  (Q  »•  300),  thus  alterina  (he  tuning.  A  second  cnntinucua  operating  test  was  conducted  for 
another  period  cf  120  hotirs.  Tlie  resulls  ware  approximately  the  same  a.s  In  the  first  continuous 
operating  test. 
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Gt'nerai  Remarks  on  Array  IVIatntrvnabmty;-  The  problems  Involved  In  matntalrung  a 
16-chaiiricl  phased  s.rrs.y  are  many  and  varied.  However,  It  ta  felt  that  one  or  two  peraonhel  of 
the  technician  level  who  poaseae  a  knowledge  of  radar  componentry  and  an  ability  for  trouble 
shooting  can  readily  handle  ll.e  problems  that  arise  on  an  array  of  this  modest  siae-  For  a  much 
larger  array  (in  terms  of  nuinbera  of  elements),  it  Is  obvious  that  maintenance  dutiee  would  In¬ 
crease,  that  more  problems  would  arise,  and  that  more  personnel  would  be  required.  With  this 
point  in  mind,  it  seems  appropriate  tiiat,  .la  the  array  becomes  more  complex,  special  thought 
should  be  given  to  how  to  simplify  the  maintenance,  testing,  trouble  shooting,  recording  and  in¬ 
terpreting  of  data,  a,id  modification  procedures  associated  with  an  experimental  array. 

In  order  to  alleviate  the  maintenance  problem,  the  semiautomatic  equipment  already  in  use 
could  oe  expanuau.  Trouble  shooting  probably  ouulu  be  al.-.iipllile  1  if,  'nhSAOVer  feasible,  test 
points  or  Jacks  were  installed  on  each  uni'..  Schematic  dingrams  with  DC  voltages,  waveform 
shapes  and  levels  also  would  be  helpful-  in  addition,  it  would  be  aovisable  for  maintenance  per¬ 
sonnel  to  keep  systeniatlc  records  of  changes  and  failures  as  a  guide  to  component  improvement. 

6.  Pe.rfornianee  of  Group  41  Linear  Test.  Array  d.H.  Tsele 

aa  a  l^dar  System 

The  Group  41  linear  array  has  been  "on  the  air"  as  an  active  radar  system  for  approximately 
aix  months.  During  that  time,  the  radar  system  has  been  operated  in  the  PPI  or  surveillance 
mode. 

IriMertiun  of  llie  eiysiem  parameters  into  the  traclclng-rodar  range  equation  gives  a  range  of 
approximately  lOn.mi  for  an  80  per  cent  probability  of  detection  and  10'^  false  alarms  per  sec¬ 
ond.'*'  Because  of  tne  high  data  rate  employed  (!>Smsec)  and  the  integrating,  raster-type  displity, 
considerably  higher  false  -alarm  rates  are  tolerable. 

Many  aircraft  targets  have  been  observed  out  to  ranges  of  approximately  ZSn.ml.  The  false- 
alarm  rate  during  most  observation  times  was  estimated  at  about  10  per  socond,  The  lor.’  trans¬ 
mitted  power  (lO-psec  pulse,  Z0--kw  peak  power)  and  high  system  noise  te;npot aiure  (about  3000*11 
greatly  limit  system  performance. 

The  performance  of  the  radar  system  has  severely  limited  the  possible  operational  studies 
that  could  be  carried  out  on  the  linear  array.  System  changes  in  two  aroo  will  improve  per¬ 
formance  to  the  pol.nt  where  several  interesting  experiments  are  possible. 

(a)  The  present  floodlighting  scheme,  whereby  the  klystron  transmitter 
illuminates  an  ertire  90*  sector  (In  arlmnth),  will  be  discarded  in 
favor  of  a  steerable  tyrcinlttlng  array  of  sixteen  S-kw  peal<l,  50-watt 
average,  tr.nr.orr.Uting  -cats.  Mcacc,  '.ve  will  obtain  a.  fnurfold  In¬ 
crease  In  effeuiive  radiated  power  due  to  lncrr«b’«d  tronsmltter  power, 
as  well  as  a  sixteenfold  Increase  In  EBP  due  io  increased  transmitter 
antenna  gain.  The  corresponding  Incrcace  ir.  range  porformance  iu 
factor  of  about  2.8. 

(b)  The  nrfflpiit  7077  vnrimm  iubi*  HP  awpllfifirfl  !n  the  radar  rai-aivint 
nystem  are  deficient  In  several  respects  These  HF  amplifiers  hove 
only  13 -db  galr  ana  a  high  noise  figure  of  about  7  db.  On  or  abou'. 

1  September  1961.  the  first  of  sixteen  Zenith-Adler  fast -wave  para¬ 
metric  amplifiers  will  be  installed  In  the  test  srray,  T)jese  ompU- 
flers  have  a  double  channel  noise  figure  in  the  nsighborhood  of  1  db. 

The  range  of  the  linear  array  radar  oysiem  will  be  approxiimitely 
doubled  by  this  change  alone. 


•  1  kcp«  prf. 
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The  single-hit,  range  oi  the  radar  with  all  these  improvonients,  vTll  be  increased 

> 

to  abou;  60  n.mi  on  the  same  l-m“  target.  This  ir  ’eased  performance  will  allow  several  op- 
virational  studies  to  be  implementea. 

Certain  experiments  in  waveform  design,  with  application  to  the  problem  of  target  detection 
and  parameter  estimation,  will  alao  oe  posaible. 

A  tnonopulse  angle-interpolation  system  la  currently  in  the  hardware  development  stage, 
with  a  completion  date  to  match  the  schedule  of  array  improvements. 

C.  HiaH-POWER  TESTING  FACILITY  L.  Cartiedge 

A  facility  for  testing  RF  components  at  moderately  high  power  levels  has  been  added  to  the 
other  test  facllitlas.  .Hlgh-powor  RF  sonrcea  Include  a  1215-  to  i150-Mcps  tunabla  magnetron 
transmitter  capable  of  about  400  kw  peak  ai  a  0.0012  duty  cycle,  and  a  600-  to  985-Mcp8  tunable 
CW  source  capable  of  some  1500  watts.  The  20-kw  peak,  200-watt  average  power  radar  trans¬ 
mitter  for  the  linear  array  (Sec.B}  may  also  be  used  for  component  testing.  Each  of  the  sources 
is  provided  with  an  isolator  so  tiiat  reflected  power  from  the  component  under  test  can  be  tolerated. 
Directional  couplers  and  instrumentation  are  provided  so  that  direct  and  reflected  power  to  and 
from  the  component  under  test  can  be  measured. 

D.  TRANSMITTER  TEST  FACILITY  M.  Siegel 

A  penthouse  27  x  18  X  10  feet  (high)  was  constructed  for  performance  testing  and  life  .testing 
transmitter  modules  and  t'lbeu  suitable  for  array  use.  Provisions  have  been  made  to  life  test 
and  performance  monitor  sixteen  phased  array  transmitter  modules  simulteneousiy.  The  fol¬ 
lowing  facilities  are  available  witiiln  this  penthouse: 

(1)  70  kw  of  3  -phase  primary  power, 

(2)  A  StIOO-volt  supply  capable  of  prcvldlng  up  to  20 kw  of  DC  power  for  the 
first  tronsmlttlng  array  (which  uses  tetrodeii)  to  be  supplemented  later 
by  higher- voltage,  high-power  DC  supplies  lor  other  transmitting  arrays, 

(3)  Modulator  driver  raoko  to  drive  nit  sixteen  of  the  modulators  Inoluded 
within  the  transmitter  modules, 

(4)  A  water  purifier  and  cooler  capable  of  providing  Ion -free  cooling  water 
for  the  sixteen  transmitter  modules, 

(5)  An  RF  Bcreeii  room  10  x  7  x  8  feet  to  contain  the  transmitter  modules 
undergoing  life  test. 

It  is  expected  that  this  facility  will  be  used  to  construct,  debug  and  life  teat  all  future  trans¬ 
mitter  modules  prior  to  their  InsteUation  in  tne  main  linear  array  facility. 
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Introductlf  v;  and  ^.^stracr 

This  se^iion,  as  its  title  im^r'es,  dev  is  with  the  hardwart  c 
ments  in  the  phased  array  project.  It  is  divided  into  nine  chapte  -  3.  ead 
of  which  describes  one  part  of  a  phased  at  ray  radar.  E^ch  ch;  p:  ;r  is 
preceaed  by  a  brief  sununary.  It  is  hoped  that  these  aummarit  s,  alon^* 
with  the  Table  if  Contents,  will  gtiidc  the  reader  to  material  of  i  l-v.-c;.! 
to  him. 


CHAPT'^xv  I 

Rl  ’  BEAM  FORMING  AND  /iNTENNAS 


SUMMARY 


P-  Delaney 


The  major  portion  of  this  c/apter  is  devoted  to  a  theoretical  and  experin  enta.'JBB^^v,  studj 
RF  beam-forming  technique.  This  technique  uses  a  matrix  of  microwave  devices  sir 

ously  form  n  overlapping  beams  in  space  from  an  n-elcxr.snt  linear  array,  Tiie 
iormance  oi  the  RF  matrix  is  disc'isaed  in  Sec.  B-1.  A  g(?r.'.eral  far-field  relationshi^KfiS^.^  is 
and  then  used  to  study  several  chai  ncteristics  of  the  mairut  beams.  The  tecVimqufi'  b 

bining  to  form  nonuniform  aperture  illuminations  is  discussed  in  Sec.  B-2.  Sections  _ 

present  experimental  measurementt  and  antenna  patterns  (m  a  1 6-element  beam -1*0 
Patterns  for  all  uniform-illuminatiot  beams  and  several  tapered-illumination  beans 
sented.  The  experimental  results  ag,'ee  very  well  v/ith  theoretical  predictions.  Some 
related  to  the  realization  and  the  oper  ation  of  RF  matrices  are  discussed  in  S«c.  B-l'. 

Some  brief  work  on  antenna  eleme  its  for  phased  array  application  is  reported  in  Sec, 
this  chapter.  A  scimitar  antenna  is  sh«  'vn  to  have  certain  characteristics  which  mak»  It 
able  for  array  application. 

A.  INTRODUCTION  ^ 

The  technique  of  multiple  beam  forming*  directly  at  the  carrier  frequency  is  oeing 
gated  as  part  of  the  phased  array  program  In  the  past  year,  work  in  this  area  ’i  .s  concontratw 
on  theoretical  and  experimental  studies  of  .^e  beam-forming  iwatrix  described  by  Butler  and  1 
Lowe,^  and  by  Shelton  and  Kelleher.t  The  irtormation  presented  here  will  bp  f  j'unmary  ot  deri¬ 
vations  and  extensive  experimental  results  c  mtained  in  anotcer  report. § 

*  J.L.  Allen,  ot  gl.,  "Phased  Arroy  Radar  Studies,  1  inly  1959  to  1  July  I960,"  Technical  jjport  No.228  [L] , 
Lincoln  Laboratory,  M.l.T.  (12  Aiirust  1960),  pp.2r/  -30,  ASTIA  2>r9it7«li,  H-3.15. 

t  J.  vuiler  and  R.  Lowe,  "ftaarri  omiing  Matrix  Simplifi  ss  Design  of  EiecWiicoliy  Scanrw  '  nntonnas,"  Electronic 
Design  9,  170  (12  April  1961). 

t  j.P.  Shelton  and  K.S.  K.ei'eher,  "Multiple  Beams  fron  Linear  Arro;.'?,  '.-  ars.  IRE,  PC  *.P  AP-9,  154  (1961). 

§W.P.  Deloney,  "An  P.F  Multiple  Beam  Forming  Technlvie,"  41G-00!2  il.'],  Lincoln  Icbo-otory,  M.i.T. 

(9  August  1961),  ASTIA  26201 7,  H-J534. 
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The  Rf*  beam  -forming  tenbnjque  discussed  here  posaessiis  severKl  advantages,  li  f,o  tos 
i!in>uitaneowB  rmiliiple  beams,  each  of  vhich  ha,<  Ihe  i»l’  fa  In  of  the  nx'r**/  aiiw’"tura.  Th<i  tech¬ 
nique  is  paasiva  and  should  be  verj'  rehabie-  Since  the  beam  fprming  is  done  at  the  RK  .'Srrlei' 
frequency,  numerous  phase-  end  gain-etable  receivers  will  not  be  required  In  many  app.lcatlons. 
The  beam-forming  matrix  ie  Iheoreticall.v  lossless  and,  in  praotloe,  can  he  built  with  I-hV  inser¬ 
tion  loss.  In  essence,  this  beam-fos-ming  technique  eliminate!,  the  phano  ahifllng  rest,,; red  to 
scan  a  receiver  beam  and  substitutes  Instead  tliC  problem  of  boam  saleotion.  The  cim'lr.cmg 
advances  in  low  -lcvol  microwave  switching  (see  Ch.  II,  Sec.  D)  make  RF  beam  Bfll«oti>  it  appear 
attractive. 

This  RF  beam-forming  ternnlque  has  certain  diaadvantagi'S.  h  is  a  complex  Ini  irconnoollon 
of  microwave  dnvices;  thus,  fabrication  and  packaging  of  largo  motrlcoa  la  a  oroblt  h.  Slnne  the 
matrix  forms  fixed  beams  in  space,  complaia  flexibility  In  beam  positioning  Is  not  >  dSSlble.  The 
matrix  Is  power  limited,  but  tfe  limit  Is  not  yat  wall  dsflned.  Thaaa  prcblem  arsf,  i  are  preaontly 
under  investigation, 

B.  RF  BaAM  FORMING  VV.  P.  Delaney 

The  basic  components  of  the  boum-formlng  matrix  are  3-dh  dlrectio,iial  oouf  .are  (or  hybrid 
rings)  and  fixed  phasa  ahtfUirs.  Figure  2-1  showa  the  sohsmtllc*  of  an  S-elemtnl  m.4lrlx  wMoh 
can  be  uaed  for  referenoein  the  following  discussions.  This  mstilx  forms,  sight  overlapping 
beams  in  space  from  an  8-eiement  linear  array,  !iome  basic  churaoterlstlcs  c  thin  type  of  boam- 
forming  mitrix  srs  /.idUned  bsinw. 

Number  of  Besmsi-  The  number  of  hoarna  formsd  la  equal  to  the  numbti  of  ar,t*)lna  elsmentn 
used.  The  number  ol  antenna  elementa  in  the  array  mint  bt  equal  to  a  povA  f  of  2,  rsmitly,  2,  4, 

8,  46,  32  etc. 

Number  of  D.(footloria.l  Couplers!-  The  numbnr  ol  dlreotlonal  oouplure  leori  iv  <N/2)  log^  N, 
where  N  in  the  number  of  olemente  in  the  array. 

Number  of  Fixed  Phase  Shlftorsi-  The  number  of  pliaao  nhlftere  req«  red  is  (N/klfdogjN)-!). 

Oporetlng  Froquency!-  The  opsrstlng  freqticney  le  limited  oiily  by  tl<  i  prtotlonlity  of  building 
and  Interconnect  lug  fixed  phase  shifters  and  direptio».el  eouplsps  or  hybi  ,1  rlnge.  At  very  low 
fraquancitis,  h,vbriu  tranaformoi-H  can  be  teed  instead  of  mlorowavv  hyb  idx, 

SSDfl.Wjdth!-  The  oomponentn  of  the  metrl.x  (couplers  end  phase  shl  e/Kj  can  he  built  with 
bindwidthe  greater  than  30  per  oenti  however,  oertam  probUma  are  lit  'oived  in  operating  phsaed 
arrays  over  bandwidths  of  ihir.  nize. 

Insertion  l.ojsi-  The  beam-forming  isrihnlque  is  theoretios'ly  ic  olesa.  The  insertion  loss 
of  the  matrix  will  be  determined  by  the  RF  loecss  !n  the  ms'lrls  aom',  oneirte.  k'or  example,  a 
16.  element  matrix  at  900Mcpe  which  uses  strip  transmission  l(r:e  h  ■»  an  insertion  loss  of  0.7db. 
(In  this  oaeo,  no  attempt  was  rondo  to  achieve  a  partloulerly  low-lo;  l  matrix.) 

Antenna  Tapers-  The  matrix,  provides  a  uniform  illumination  •  'the  array  elements.  How¬ 
ever,  simple  beam -combining  tuohnlqueo  can  yield  (ooelna)”  lllumf.iations. 


fit 


*  Ths  B-element  aehemoHe  ihown  on  p.219  sf  T5-  v.i  1i  In  errof . 


1.  Theoi  ttcal  Performance  In  an  Antenna  Syotsm 

This  secti'  silacussea  thf  f»r-field  oarformarice  of  a  linear  army  antenna  fn*?*  by  a  beam- 
fo-  iiiing  matrix.  A  relatlonahlp  tor  the  tar-ficld  response  is  found,  and  this  relationship  is  thali 
ui  ed  to  study  poi  lions  ot  beam  peaks,  Doaltlons  of  beam  nuUt;,  sector  coverage,  beam  oross- 
c  'or  positions  an  ievels,  and  beam  movement  with  changes  tn  frequently. 

The  dlscussit  ■  is  limited  to  matrices  using  direellonal  couplers.  Similar  results  can  be 
btained  for  matrl  ts  ttsing  hybrid  rings. 

The  norma”' -la  magnitude  of  the  field  intensity  in  the  far-fSeld  of  a  linear  airay  of  n  ieo- 
.jurcoB  is  given*  by 

I'l-iiiK’  ■  «> 

whore 

III  -  2ird/x  Bin  a  —  6  ,  (2) 

d  s  element  spacing, 

X  =  wavelength, 
a  -  angle  from  array  tiormal, 
t  =  slument*io-elemsnt  phase  shift, 
n  =  number  of  antenna  elements. 


The  element -to-olemant  phase  ahirt,  v.  can  ho  futuid  by  rnfcrrlngto  the  arhomatlo  diagram  of 
the  particular  matrix  under  consideration.  Taking  an  8>elament  array  as  an  example,  and 
therefore  referring  to  the  matrix  achomatic  of  Fig.  2-1,  it  la  aeon  that  the  dlrectlonnl  coupler 
which  connects  to  antenna  element  1  also  connects  to  antenna  element  S.  Similarly,  elements  2 
and  6  are  fed  by  a  common  dlrecHonsil  coupler.  The  first  beam  from  broadside  is  formed  when 
an  incident  wavefront  excites  currents  in  elcntente  1  and  S  (and  thus  elements  2  and  6,  i  and  7, 
etc.)  with  a  phase  difference  of  VO*.  Similarly,  the  second  beam  from  broadside  Is  formed  when 
the  phase  difference  Is  270*  and.  In  general,  the  beam  is  formed  when  the  phase  difference 
between  elements  t  and  5  is  (2K-  1)  (ir/2)  radians.  Therefore,  for  an  8>«lement  array,  tho 
«lemont*to-elemont  phase  shift,  6.  for  the  beam  is  (2K-  1)  '.»/8)  radians. 

Generailztiig  this  result  to  an  n-element  array, 


.  .  {2K-1)» 

- H - 


(3> 


Combining  this  result  with  £)qs.  (11  and  (2),  tho  normalized  far-field  amplitude  of  the  beam 
from  broadside  ts 


^  8lnn(-*^ 


*  J.  D.  Kraui,  Antannai  (MeGraw-HIIl,  New  York,  1950),  p.78. 

tK  !i  (teflned  oi  the  beent  numbtr.  Values  of  K  ore  limited  to  positive  nonzero  Integers.  When  these  value!  of 
K  ora  Msad,  the  aquations  that  follow  apply  only  to  beorns  to  the  right  of  the  array  normal.  Howarer,  tinea  the 
matrix  forms  baoms  located  sytnmalrlcally  alwut  the  array  normal,  this  restriction  dees  not  hinder  the  usefulness 
of  ths  results.  The  mothematlcal  ilntpllelty  moie  than  cempeniotes  for  tha  slight  loss  In  ganarollty. 


where 


lEj^l  =  normaliied  (peak  =  1)  magnitude  of  far-field  voltage, 

K  =  beam  number  (K  =  1  for  the  first  beam  to  the  right  or  left 
of  broadside,  etc.). 


Equation  (4)  Is  a  general  relation  which  can  be  used  to  stnd^  several  charaeterlatica  of  this  beam¬ 
forming  teohiiique. 


Poslllona  of  Beam  Peaks:-  The  peaks  of  various  beams  occur  at  values  of  the  angle  a 


ivbjch  make  the  numerator  and  denominator  of  (4)  equal  to  zero.  Designating  these  angles  as  a 


P' 


al.-o- 


X 


;  +  K  •-  i) 


(5) 


where  q  is  any  Integer.  A  value  of  q  »  0  yields  Ihe  posltlor  the  main  beam.  Nonzero  values 
of  q  give  the  posliiono  uf  grating  lobco. 

Poeltlone  of  Beam  WuUa:~  Pattern  nulls  ocotir  at  those  zeros  of  the  nuireratot-  of  (4) 
which  are  not  aocompanled  by  zeros  In  the  denominator,  Designating  the  angles  of  nulls  by 

“’''"'o' 


where  m  a  1,  3,  etc.,  but  m  ^  qn  where  q  =  any  Integer. 

Relative  rositinna  of  Peake  and  Nulls;-  Equations  (S)  and  ($)  point  out  two  Interesting 
ohaFacterlstlcia  of  this  beam -forming  technique; 

(a)  jyi  the  nulls  of  a^l  the  beams  occur  at  certain  common  angles. 

(b)  The  peak  of  any  beam  occurs  at  one  of  these  ssme  oommon  angles, 

These  ohararteriitlCB  sre  suinmjri’ed  In  Fig.  2-2,  which  shows  three  typical  matrix  beams. 

Sector  Coveragei-  The  angular  sector  3,  covered  hy  the  multiple  beams  from  the 
matrix,  can  be  fnund  from  (!1).  e  la  the  angle  between  the  peaks  of  the  6.xtreme  right  and  sx- 
treme  left  beams. 


e  7.  (t  -  i))  .  (7) 

For  a  large  number  of  elements  In  the  arraji'  (n  »  i ), 

e'o2sln*^j^)  (8) 


'Thus,  If,  i  larpc  array  the  seoior  coverage  Is  determined  only  by  the  clement  spacing  and  the 
wevelsiigth. 


Positions  and  Levels  of  Heam  Crossoverc:-  Thu  angular  position  at  which  two  adjar.ont 
beams  cross  over  can  bo  found  from  (4)  by  equating  the  amplitudes  of  the  K  beam  and  the  ad¬ 
jacent  (K  +  t)'*'  beam.  Deflnir.j  «  as  the  angular  position  of  this  crossover, 


-  flln  (-g) 


(9) 


*  Due  to  t!)e  mirictinn  on  the  veluei  ef  K  diicutted  earlier,  thiv  formula  cannot  be  used  to  celeulote  the  crou- 
over  petition  of  beam  1  right  ond  )  left.  The  crouover  of  th««  beam  oc&uii  at  a  =  Of 


where 


K  =  beam  number  of  beam  noai'est  broadside, 
X  -  wavelength, 
d  =  element  spacing, 
n  =  number  of  elements  in  array. 

.Substituting  (9)  into  (4)  will  yield  ihe  beam  c«  nasover  level. 


For  values  of  n  >  iu, 


■'K'c 


V 


'10) 


(11) 


It  ohould  be  noted  that  the  beam  crossover  level  la  Independent  of  beam  number,  oleruo.'i' 
spacing  and  wavelength.  For  arre,ys  of  more  thaji  ten  elements,  the  orossri  ur  Itival  effectively 
becomes  constant  at  2/ir.  Since  the  pealt  of  any  beam  has  an  amputate  of  i.C  due  to  the  not  ms>’- 
zation  of  (4),  the  crosaovisr  level  is  approximately -4 db  (-.^.92db). 

Beam  Movement  with  Chanaes  in  frequency:"  As  mentioned  earlier,  the  matrix 
poner.ts  can  be  billt  with  relatively  large  bandwldths.  However,  (S)  shows  that  the  position  of 
the  peek  of  anj'  Matrix  beam  varies  with  frequency.  'The  amount  of  beam  pooitlon  variation  iu 
also  c  funotlon  of  beam  poaitlon  as  evidenced  by  the  boam  number  K  In  (5),  This  fact  will  com¬ 
plicate  any  componaellon  soheme  designed  to  allow  operation  over  wide  Inslantaneoui?  bandwlclthv,. 
The  change  In  beam  poaitlon  with  frequency  is  given  by 

dttp  ».  lanop(ii^)  ,  (12) 

v/here 

«p  “  angular  position  of  bsam  pealt. 

X  i>  wavelength. 

For  beams  near  broadside,  Eq,  (12)  is  approximated  by 


-  dx 
T 


(13) 


and  for  beama  near  ondflre,  wh-re  o!p  approaches  90',  Eq,  (12)  can  be  solved  to  give 

^  .  i'/T  /5x 
-<■— V-r  • 


(id) 


2,  Beam  Combinlitg 

The  baam-form.ing  matrix  provides  a  uniform  illumination  of  the  antenna  array.  tVhlle  this 
illumination  provideutlie  na’-rowcet  bcamwldth  and  the  greatest  directivity,  it  hp.s  a  relatively  high 
first  sldelobe  level  (-13db),  Lower  siuelobes  can  be  achieved  at  the  expense  of  beaniwidth  by 
combining  the  output  boame  of  the  matrix.  Simple  combination  of  n  +  1  matrix  beame  will  yield 


2S 


(cuslne)''  amplitude  tapoi-a.  Allen*  ha$  ahu'W  thut  It  Is  pMi3ih,li:  to  Rohieve  arbltrai'y  aperture 
illuminations  by  using  weighted  addition  of  selected  beams. 

A  signal  arriving  on  the  peak  of  a  particular  beam  experiences  a  certain  net  phase  shift  as 
it  proceeds  through  the  matrix  to  the  particular  beam  terminal,  The  amount  of  net  phase  shift 
is  cliffereni  for  variauu  beams.  Ilcnce.  'f  several  beams  are  to  be  added  t  form  an  amplitude 
taper,  corrective  phase  shifts  must  he  introduced  in  some,  of  the  beams  to  guarantee  a  true  addi¬ 
tion  process.  The  amount  of  corrective  phase  shift  necessary  can  be  found  by  tracing^  through 
the  matrix  for  the  beams  ol  interest. 

Cosine  Illvjmlnatlon  Beanis:-  The  addition  (after  phase  correotion)  of  two  adjacent  beams 
will  result  in  a  cosine  illurninutlun  of  ihe  aperture.  This  Vtot  is  readily  demonstrated  by  adding 
the  illuntinatlon.sl  of  the  and  the  (K  +  1)**'  beams. 


(15) 

Thus,  the  amplitude  of  the  new  Illumination  is  a  cosine  function,  and  the  phase  distribution 
of  the  new  llluml  tation  points  a  beam  halfway  between  the  K  and  the  K  t  1  coinponant  beams. 

The  general  far-field  relations  for  a  cosine  beam  can  be  found  by  simply  adding  the  far-fleld 
responses  of  the  two  component  beams.  Once  the  component  beams  h.4ve  been  phase  corrected, 
the  addition  of  their  magnitudes  (Eq,  (41)  will  ylelt',  the  magnitude  of  tho  oosina-beam  response. 
For  example,  the  far-field  response  of  the  oustne  beam  formed  by  adding  the  and  the  (K  4- 1)^^ 
beams  is 


,  .J{2K.l)jli 
‘k  '• 

,  _  J(2K41)  P 

'k+i  "  ® 

whore 

=  Illumination  of  K***  beam, 

„  ex 

H  -  2  T  • 

1  =  array  length. 

X  =  length  variable  along  array. 

o  (?  008(3)  e^**^ 


J_ 

■.r? 


1 

n 


Sinn slnot 
Bin  (!y  sin 


,2K  -  1  , 


ril] 


7) 


slnnf^^  sir,.-.-  - 

2l] 

sin(2r  ■ln«  - 

(16) 


The  i/^Z  factor  la  introduced  to  keep  the  total  power  in  the  two  beams  the  same  as  in  a  single 
team  fio  that  the  performance  of  uniform-  and  cosine-illumination  beams  can  be  compared. 


L.  Aller,  el  al.,  (^.cjl.,  pp, 221-223. 

tFor  ge  example  cf  o  pirate  corrsellon  calcolollon,  !f,e  Sec.  4, 1  nf  W.P.  Delaney,  og.cU. 
t  In  the  Intereit  cf  nalhomatleal  ilmplleliy,  the  erray  lllumlnotlon  U  replaced  by  a  line  loorce. 
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The  relative  gain  and  the  beam  crossov  !.  level  can  be  found  by  using  (161;  hovIf  S  ever,  it  is 


etit;*«sr  to  find  these  values  by  using  a  graphic'*.!  approach.  Reference  to  Fig.  2-3  sh 
tion  (on  a  power  basis]  of  adjacent  uniform- J 'uminetion  beams  to  form  cosine-illuiJj 
beams.  The  peak  of  the  cosine  beam  falls  r.t  the  point  where  the  two  component  beji 
over.  Referring*  to  (9)  and  defining  the  an  of  the  cosine  beam  peak  as  a'  J 


( ows  the  addi- 
Idi  nation 
kirns  cross 


Figure  2-3  shows  that  the  peak  value  o.’  the  cosine  beam  is  Z’JT/it  =  0.9.  (Note|Bi  that  the  peak 


value  of  the  component  beams  is  normalizt^n  lo  1.0.)  Thus,  the  peak  gain  of  the  codSine  beams  is 
0.92 db  less  than  that  of  d--^  jiuicrm-illurninai .'.on  beams.  TIi:  crossover  1*?'  J*  adjac  .nt 

cosine  beams  is  l/>/2-  Thus,  i’..u  crossover  is  2.1  lb  down  from  the  peaks  ofl|Bffl  the  cosine 
beams.  It  can  also  be  noted  from  Fig.  2-3  th  .t  the  null-to-null  beamwidth  of  the  coMfisine  beam  is 
one  and  one-half  times  wider  than  the  uniform -taper  bea-m.  jJiH 

There  are  some  limitations  on  formi  ig  &'ijacent  tapered -illumination  beams  ajlni  shown  in 
Fig.  2-3.  Allen  has  sliown^  that  the  bean  sh.  ,13  and  the  beam  spacing  obtainable  fsjwo*”  ^  lossles 
beam-forming  matrix  are  not  completely  t.rhi'.rary.  The  results  of  his  analysis  irJBjdicate  that  if 
the  beam-forming  matrix  is  to  be  lossleei,  v'.e  crossover  level  of  adjacent  taperetwEi -illumination 
beams  cannot  be  higher  than  the  crossove  r  If^/el  of  the  uniform -illumination  beam  WIj.  Thus,  the 
adjacent  cosine  beams  of  Fig.  2-3  cannot  be  r  ealized  in  a  lossless  manner.  This  fB«act  is  easily 
recognized  if  one  tries  to  build  a  beam  oembi  aer  to  simultaneously  form  the  beam(HK5  of  Pig.  2-3. 
One  typical  scheme  is  shown  in  Fig.  2-4.  Th  t  power  ir  each  beam  is  split  in  the  pj^Kcwer  divider, 
and  adjacent  beams  are  then  added  in  a  tybr.  i  ring.  When  a  received  signal  ari  ivIHes  on  the  peal 
of  the  IR  +  2R  cosine  beam,  part  of  the  rece.ved  enerfy  is  coupled  to  the  2R  +  3R.aBhybrid  adder 
and  part  is  coupled  to  the  IR  +  IL  adder  beca  ise  of  the  power  divider  action.  Tkii^Bs  energy  is  lo 
to  the  IR  +  2R  beam,  and  thus  this  bean i -coir  bining  technique  is  lossy.  \Sll 

This  beam-combining  problem  can  he  re;;t.ated  as  follows:  if  the  beam -comb/jBf mine  technique 
is  to  form  simultaneous  tapered-illum’.ntion  beams  in  a  lossless  manner,  no  un/Saform-illuminat 
beam  can  be  used  in  more  than  one  beaui  add;tion^  process.  Thus,  for  the  cxair^j^Bple  of  Fig.  2-3, 
a  cosine  beam  of  IR  +  2R  can  be  forme-’,  but  the  2R  t  3R  cosine  beam  cannot  formed  simul¬ 
taneously  if  the  process  is  to  be  lossle^is.  jSI 
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The  characteristics  of  cosine  beanjs  vi'h  oh  are  formed  in  a  lossless  .lann&jMm  can  be  found 


from  the  previous  comments  and  the  gvnera’  ?:ir-fiolii  relations.  The  positioj^^i  of  the  peak  of  a 
particular  cosine  beam  fo’nned  by  th€  and  the  (K  +  beam  is  given  ('*  ’}.  The  gain  and 

null-to-null  beamwidth  are  the  san  ■  j  a're  V  fi  om  Fig.  ^~3.  .Sim^roe  one  cosine  beam  is 

the  sum  of  the  K  and  the  (K  +  1)^^  beams  and  the  o.thcr  cos'ue  beam  liie  pun  cS  a-.a  (K  '■  2)*^ 


and  (K  +  3)^”  beams,  Eq.  (4)  can  be  i...  3d  to  calculate  the  angular  P^s^^rion  and  the  level  oi  the 
crossover  between  these  cosine  bea  na.  The  r'esultH  are  r/Mr 


sin  O' '  = 


*  The  restriction  on  (9)  applies  here  also 

t  J.L.  Allen,  "A  Theoret'cel  Llaiitaii  "•ht  rsr:fi':.»i>3n  o»  Lossless  Mi  jV Itiple  Beams  in  Lineor  Arrays,"  Trans. 
IRE.  PGAP  AP-9.  SSOu/di).  JK 

+  peri^caicr  beocn  may  be  'ised  in  an  a<i  'itior.  ond  o  S'jbtrfiction  pros'^K  ess  such  os  taking  the  sum  end  difference 
of  two  beams  ir.  a  hybrid  ring.  ;  jV 
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where  ot^  is  the  engiilar  position  of  the  crossover .  and 


I  1  1 _ 1_ 

I  ^  C  *  It 

v2n 


where  is  the  crossover  level.  For  large  ari-ays  where  n  >  30.  Sq  is  ?  xu^^tely 

approximated  by 


If  I  _i_  fin  _  lUi  -  liii. 
'^k'c  *  77^  3FI  -  ^ 


=  0.30 


Recalling  that  the  peak  of  the  cosine  beam  has  a  value  oi  0.9  (due  to  the  ’’rrmc.lization  oi  the 
uniform -Illumination  beam  and  the  i/‘tz  factor  *'ie  .  .iiarr:  ac'di.i;>r.).  the  cro^sc'.  er  level  i«» 

9.Sdb  down  from  the  peak  of  the  beam. 

When  two  beams  are  combined  in  a  hybrid  ring,  the  ou'.^ut  from  the  sum  port  of  the  hybrid 
ring  is  a  cosine- Illumination  beam,  and  the  output  from  th  ciffereticc  pert  ef  the  hybrid  is  a 
differ  ence  beam  (sine  illumination)  with  a  sharp  null  at  the  s  .:me  angle  as  ti  c  peak,  of  the  sum 
beam.  This  difference  beam  may  be  useful  f'^.*  ’ucreaaed  angular-resolution  via  beam- 
interpolation  techniques. 

Cosine-Squared  Illuminations:-  Throe  uniform-ilhunination  beeira  can  be  cc^nhined  to 
form  a  cosine-squared  illumination.  By  a  judici.uiB  c'mee  of  how  these  V-arjir  are  combi5>;cI, 
it  is  possible  to  achieve  cosine-squared-on-a-pedestal  illuminations.  an  approach  similar 

•  to  that  used  for  the  cosine  beams,  the  illuminations  of  the  (K  +  1)^^  and  (K  +  2)“'^  beams  are 

Ij,  =  Ae^<2K-l>  ^  , 

T  »iJ(2K+l)P 

^K+1 

T  ..J(2K+3)^ 

^K+2 

Considering  the  matrix  from  a  transmitting  standpoint,  the  K'"'^  and  the  (K  +  2)^^  beams  are  not 
driven  at  the  same  voltage  level  as  the  (K  +  1)  beam,  .is  evide.'.  ;ed  bv  the  factor  A  in  the  illum¬ 
inations.  Now,  adding  the  illuminations, 

I„  +  L,,,  .  S  +  A ‘ i 


_  gj(2K+l)  ^  .  (21) 

Now,  if  A  =  1/2,  Eq.  (21)  becomes 

^K+1  ^K+2  "  cos  2^]  e^^^^ 

=  [Z  cos^p]  (22) 

Thus,  the  amplitude  of  the  illumination  i.s  (cos)*"  function,  and  the  phase  of  the  illumination 
points  the  beam  in  the  same  direction  ^  i)  (tile  niiCtul(  of  tli©  tlirGc  Idq&lxxxs 

used). 

To  obtain  a  cosine-squarcd-on-a-pedestal  ilium inatio".,  A  is  allowed  to  equal  some  value 
less  than  l/2.  Equation  (21)  can  be  written  as 
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Fig.  2-6.  Biam-comblnlng  network  for  coilna- 
iquorad-on-a-padailal  tllu<ntnatlen«. 


Fig.  2-7.  l6><«liinMnr  mafrlx. 


’k  'K,+i  *  ^K+2  *■  ^  (1  -  2A  +  2A  +  A(e‘^^  +  a 

„  ^  j(i  -  2A)  .  2a(i  : 

=  ^  [(1  _  2A)  +  .4A  (..OS^/))  .  (23) 

A  sketch  of  the  magnitude  of  Eq.  (23)  la  shown  In  'fig.  2-5.  TV-  pedostal  helgitt  Sb  1  -  2A.  The 
ratio  of  pedestal  to  peak  uf  the  illuinination  id 

pedestal  ratio  -  •  (2‘3) 

Thus,  the  amount  of  pedastat  In  the  ooBinti-nquared  lll'unlnatlon  can  be  oontrolled  by  the  value 
of  A. 

Figure  2>6  ahows  a  generalized  beam-oombinlng  network  which  will  yield  (In  a  losaless* 
manner)  a  ''.oalnc-aquared-on-a-.pedeBtal  uluminaiion.  Tite  beam oomblner  is  conaidered  from  a 
transmitting  standpoint,  and  the  power  level*  at  various  point*  in  the  network  arc  Indicated.  It 
should  be  noted  that  this  network  provide*  A  volt*,  t  volt  and  A  volt*  drive  to  three  adjacent 
beams  (!(,  K  t  i  and  K.  +  2t,  and  thus  the  general  tlluminatlof  of  Fig.  2-S  tian  be  achieved. 

y 

Af>  pointed  out  earlier,  the  peak  of  a  (coa)  beam  ocoura  at  the  peak  of  the  center  oomponent 
beam.  It  can  be  readily  shown  that  the  gain  of  the  (oo*)^  beam  (no  podoatal)  la  1.76  db  below  the 
t)pin  of  the  nat'ilhiinlnation  beam.  Also,  by  using  the  graphloal  approach  of  Fig.  2«3,  the  nuU- 
t  -i  null  beamv.'idth  of  the  (coa)^  beam  le  found  to  be  twice  that  of  the  flat-illumlnatton  beam. 

3.  Detcription  and  RF  Performance  of  a  16- Element  Beam- Forming  lAtrtR 

A  16-*lement  beam-forming  matrix  has  bean  tested  extaneivaly  in  the  laboratory  and  in  a 
linear  array  antenna  system.  The  matrix  was  doeigned  nnd  built  for  Lincoln  Laboratory  by 
Sander*  Asaooicles.  The  moaaurementa  reported  in  thla  ■eotlen  were  made  at  Lincoln  Labora¬ 
tory  at  900Mape  and  at  Sandere  Aaeooiatoi  at  890,  1025  and  1160  Mepe.  The  roeults  of  the  an¬ 
tenna  testing  of. the  matrix  appear  In  Sen.  4. 

Dewerlptlon  of  16-Rlement  Matrix!-  Figure  2-7  .thowo  the  lO-elcment  matrix,  end 
Fig.  2-8  shows  a  sohematlc  diagram  of  this  matrix.  No  attempt  was  made  to  achieve  an  espe¬ 
cially  nompuct  package.  The  use  of  strip  tranamieaion  line  teohnlquea  permitted  Bove''aI  di¬ 
rectional  couplers  uiid  plutae  shiftors  to  be  fabricated  on  the  same  board.  The  boarda  wore  then 
ir'.erconneoted  by  using  coaxial  fittings.  The  directional  ooupleri  used  in  the  matrix  are  tho 
coupled  strip  typn^  which  have  fjood  directivity  and  ooupliiig  propertloa  over  a  bandwidth  of 
30  p<)r  cent.  The  fixed  phase  shifters  are  also  *  uoupled  strip  type^  with  bandwiUths  greater  than 
30  per  cent.  These  widebattd  oomponeute  were  reed  to  more  fully  explore  the  poselbUitlea  of  tlda 
beam-forming  technique.  For  nnr.row-band-vldth  operation,  branch-Unu  dirootlonal  couplers  or 

*  If  Ihli  beam-r.cmblnlnfl  icheme  It  eoniMe^  from  a  receiving  itandpelnt,  wme  power  will  be  dlnlptitiid  In  the 
ternitnoilcm  on  the  fourth  port  of  the  direeilenel  cMipiim.  Hmevei,  the  eumbinlng  nclwwit  It  comtaerad  lest- 
lew  becouie  thlt  lew  occeunti  for  the  red-ucad  aperture  efflctwrcy  of  the  tpfiered  lllumlnotlian.  On  htmaefr/  no 
pc'-  •  I:  'nti  In  the  combining  network, 

t  J,K.  Shimizu,  "Strip  Line  lldb  Dlrectlcnol  Co-pleri,"  1957  IRE  WESCON  Ccnvantlen  Rasord,  (hirt  1  ,pp.  4-15. 

t  B.M.  Sehlffr.'uai,  "A  r-b'w  Clou  of  Bro-udbrmd  Microwave  TO  Degree  ShttterA,"  T,:»w.  IRE,  POMTf  MfT*6. 
?32  (1956), 


hybrid  rings  c-MJ  hn  ussd  as  ihe  oombinjng  elemeikts,  ard  differential  transmUsion-  line  leitgth* 
co'jk'.  be  used  as  oheae  shifters. 

Results  of  RF  Measurements 

(t)  Input  and  Output  VSWH:  The  beam -forml.ng  matrix  is  a  matched 
device  at  all  input  and  output  terminals.  Input  and  output  VSWR's 
averaged  about  l..t  with  a  highest  value  of  1.48  at  ilbOMcps.  The 
highest  VSWR  at  900Mcps  was  1.27. 

(2)  Isolation  Between  Terminals;  Any  boam  terminal  of  the  matrix  is 
isolated  from  any  olhir  beam  terminal  due  to  the  Inherent  isolation 
of  the  dlrectibr.ai  couplers.  At  900  Mops,  the  average  isolation  is 
about  28 db,  with  a  loweat  value  of  15 db.  The  isolation  stays  In 
this  raiif(6  for  the  other  three  frequencies. 

Thr.  antenna  terminals  are  Isolated  from  each  other  in  the  same 
manner.  The  avorage  isolation  was  about  50 db  at  900  Mops,  with 
a  worst  oaae  of  20 db.  Antenna  terminal  isolations  were  not  meas¬ 
ured  at  the  othei'  frequencies. 

(3)  Amplitude  of  Illumination  and  Tnssrtion  Loss;  If  one  beam  termi¬ 
nal  of  the  matrix  ie  driven  at  a  seitaln  power  level,  this  power 
should  be  split  sixtoen  equal  ways  as  It  travels  to  the  antenfia  ter¬ 
minals ,  However,  the  Insertion  loss  ot'  the  matrix  and  slight  var¬ 
iations  In  the  Qoupllng  ratios  of  the  dlreotional  couplers  will  cause 
deviations  from  th;j  Ideal  situation.  The  Insertion  loss  will  reduce 
the  gain  of  an  antenna  system  and  ingrease  the  system  noise  tem¬ 
perature.  The  variations  In  .coupling  ratios  cause  errori  in  the 
aperture  iliuminatlon  which  lead  to  reduced  grin  und  higher  side- 
lotiee. 

Table  2-1  show#  the  coupling  from  any  beam  tanniual  to  ail  antectw 
terminals  '  *  '’■equiinoy  of  900McpB.  In  an  idual  16-element  ma¬ 
trix,  these  coupling  values  would  all  be  12  db  (16.  vay  power  split). 

The  avertugs  of  all  coupling  values  im  -i2.74db.  indicutmg  an  in- 
sortlon  loss  of  O.V4db.  Mwit  of  thl«»  'nsertion  leas  la  due  to  the 
strln  transmission  line  which  has  a  loss  of  aliout  O.lSdb  per  foot 
St  990McpB.  ,'A  new  strip  Una  muterlal,  Telloii  3A,  hag  a  mush 
lower  loss  (esc  Ch.  II,  &'ec.  B).)  A  small  pottion  (about  3  per  cent) 
ot  the  meajured  insertion  loss  is  due  to  the  nonperfeot  Isolation 
between  beam  terminals.  It  should  be  possible  to  reduce  the  in¬ 
sertion  loss  of  the  matrix  by  a  factor  of  three  or  four  by  using 
the  naw  material  and  new  construction  techniques. 

(4)  Phase  of  the  lUumination;  Table  2-II  shows  the  differential  phase 
shift  between  antenna  ele.nnentB  for  ail  beems.  The  ideal  element- 
to-elemsnt  phase  shift  is  given  by  Eq.  (3).  For  a  16-element  ma¬ 
trix,  Fq.  (3)  becomes: 
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(2K-i)  11.25 


where  K  =  the  beam  number.  Thus,  the  Ideal  differentia!  phase 
shifts  for  beams  1,  2,  3  and  4  are;  11.25*.  33,75*,  'J5.25*an() 

78,75",  respectively.  While  the  individual  phase  shifts  shown  in 
Table  2-11  deviate  considerably  from  these  values,  the  everage 
phase-shift  value  of  osoh  bvam  is  close  to  the  ideal  value. 

Rtr.s  Amplitude  and  Phase  Krrors;-  The  rms  amplitude  and  phase  errors  liave  been 
caicu!B^od  from  the  previous  data.  The  results  are  shown  in  Table  2-111.  Relatively  large  phase 
errors  ucrrr  in  beame  2L  and  7R.  Reference  to  the  matrix  schematic  of  Fig.  2-8  shows  that 
these  feeanvs  share  a  common  directional  coupler  (coupler  7.9)  and  phase  shifter.  The  differen¬ 
tial  phase  shifts  (Table  2-11)  for  these  two  beams  alternate  about  the  design  value  in  a  voty  reg¬ 
ular  manner,  indicating  that  the  most  likely  source  of  me  large  phase  error  is  the  phase  shifter 
connected  to  directional  coupler  29.  This  pharv  erro^  demonstrates  the  danger  of  getting  aya- 
lematic  errors  in  the  nporlure  illumination  when  this  fceam-formlng  technique  la  used.  As  a 
further  example,  considor  what  happens  when  a  large  coupling  error  exists  in  a  dirertlona' 
coupler  at  the  bottom  of  the  matrix.  Injecting  a  algi.al  into  ihla  coupler  and  obstirving  the  ampli¬ 
tude  of  the  illumination  shows  a  oystematlo  "ripple"  in  the  illumination.  This  rJ.pple  tends  to 
support  endflru  beams  (for  element  spaclngs  close  tc  orn-haK  wavelength),  and  thus  the  sidclobe 
levels  V.1U  be  Increasod  in  the  area  90*  removee  iViar;  broadside. 


TABLE  2-III 

RMS  AMPLITUDE  AND  PKA.SE  ERROPJ 

TOR  EACH  BEAM 

Beam 

Number 

Rffl*  Amplitude  Error 

m 

Rmi  Phene  Error 
(degreei) 

IR 

0.38 

3.5 

2R 

0.41 

3.1 

3R 

0.30 

S.S 

4R 

0.17 

4.7 

SR 

0.26 

3, ; 

6R 

0.33 

5.6 

7R 

0.20 

11.3 

CR 

0.40 

3.4 

1L 

0.38 

3.4 

2L 

0.32 

12.9 

3L 

0.31 

2.8 

4L 

0.21 

2.2 

5L 

0.3S 

4.7 

6L 

0.19 

2.8 

7L 

0.26 

6.5 

8L 

0.35 

3.2 

Average 

0.30 

4.8 

Syatematlc  errors  become  more  undesirable  when  one  considers  large  antenna  arrays  be* 
cause  the  effec**  of  a  certain  sized  systematic  error  does  not  decrease  as  the  number  of  ele¬ 
ments  is  increased,  whereas  the  effect  of  a  certain  sited  random  error  doaa  decrease  with  In- 
creaning  array  size. 

In  general,  the  r;ns  errors  of  Table  i-III  should  not  produce  significant  increases  in  the 
near -in  sldelobe  levels  of  unlform-illu.nlnaticn  beams.  In  a  particular  system,  the  errors  in 
other  parts  of  the  RP  portion  of  the  receiver  (antennas,  interconnecting  cables,  etc.)  can  he 
significant  compared  with  the  matrix  errors.  The  performance  of  the  1 6-element  matrix  in  an 
actual  antenna  system  is  discussed  in  Sec.  4. 

4.  Antenna  Performance  of  IB-Plamenl  Matrix 

The  proof  of  the  effectlvonoos  of  any  beam-forming  scheine  lies  in  Its  performance  in  an 
antenna  sy.-.tsm.  This  section  presents  the  antenna  patternst  whicli  have  been  taken  by  using  the 
l6-elBment  beam-forming  matrix  at  a  frequency  of  900Mcp8.  The  Lincoln  Laboratory  Antenna 
Teal  Ranged  was  used  Cur  all  antenna  moanuremunts.  A  Sclentiflc-Atlanta  model  APR-120  re¬ 
corder  was  used  to  take  the  patterns. 

Figure  2-9  shows  the  l&-eleme.ni  array  used  in  the  antenna  tasting.  Crossed  dipoles  spaced 
Q.sax  apart  and  0.23X  above  the  ground  plane  were  used.  All  patterns  shown  were  taken  using 
the  vcr'leal  dipoles,  hence  the  array  is  a  parallel  array  of  dipcLes  (as  opposed  to  collinear  array). 
The  horlzuiital  dipole  member  is  well  Isolated  from  the  vertical  member  {--25db).  All  dipoles 
had  vswR's  less  then  1,3  as  measured  in  the  array.  The  dipoled  v/ere  o.'iimnctcd  lo  the  matrix 
by  12-foot  lengths  of  RO-9B/U  cable  which  were  cut  to  an  accuracy  of  ai  turn  I'al.l  *  i  ‘  900 Mops). 
Figure  2  'iO  shows  the  average  antenna  pattern  of  the  sixteen  dipoles  of  the  array. 

In  an  aUenipt  to  o,r.Ml>/.«  tne  gain  variallons  among  the  dlpoloo,  the  pattern  of  Pig.  2-11  was 
constructed  from  nil  the  individual  dipole  patterns.  The  patterns  of  all  dlpolo#  excepl  the  two 
end  elements  are  contained  within  the  shaded  ares'..  »he  end-elemem  uatterna  are  shown  where 
they  excand  the  shaded  area.  (This  pattern  "squint"  is  common  in  end  elements  of  an  array.) 

Th-',  ;)«tn  variatloiiM  are  quite  large  at  angles  greater  tlian  72*  from  broaduide.  The  large  a.m- 
plltudo  error?  In  these  regions  primarily  affect  the  far-out  sldelobe  levels  of  the  matrix  hTi’mp, 

Uniform-Illumination  Antenna  Patterns!-  Figure  2-12  shows  the  lobes  of  th' 
te>'n  matrix  beams.  The  peak  gains  of  these  beams  follow  ihe  ave^  .tge  ole,.';«^nt  pattern  ot 
Fig.  2-10  quite  closely  (as  would  be  expected  from  the  principle  of  pattern  multipltostton),  The 
angular  section  covered  by  all  boame  is  107*,  w)>ich  agrees  cloi'ieW  with  the  value  of  108* pre¬ 
dicted  by  Eq,  (7)  for  an  element  spacing  of  0.58X. 

Figures  2-13  through  2-28  show  individual  patterns  for  the  sixteen  .nati'li.  beams.  The 
element  upaoing  of  0.58X  a.Uows  grating  lobes  to  form  i'or  beams  farther  than  45*  off  broadside. 
The  start  of  a  grating  lobe  structure  is  evident  in  beams  6  right,  6  left,  7  right  and  7  left,  with 
a  well-defined  beam  emerging  in  8  right  and  8  left. 


*  J.  Koxo,  "Phyaleol  Llmltntlent  en  Anlennoa/'  Twchnical  Report  No.  248  iUl(  Rsisorch  Laboratory  of  EiMfrenlet, 
M,  1,7.  (30  October  1952). 

t  All  pollarm  were  token  ori  Sclenllfie-Atlcnta  Mo.  121  poper  which  hot  o  40-<lb  icole.  The  horizontal  leoie 
mad  v'M  360*  per  cycle. 

lA.  Cohan  and  A.  W.  Moltaio,  "The  Lincoln  Laboratory  Antenna  Tett  Range,"  Viierawtiva  J.  57  (April  1961). 
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The  bcwri  fsefika  are  very  close  to  the  theoretical  positions  given  by  Eq..  (5).  The  worst 
case  Is  bestn)  8R  which  peaks  at  5£’  instead  of  the  theoretical  value  of  54*. 

The  sldelobe  performance  of  all  the  beams  is  quite  good  (theorotioal  first  aidelohe  itval  = 
-i3.2db).  Beams  IR  through  4R  and  IL  through  7L,  have  first  sidelohea  below  12db,.  The 
worst  first  sldeiube  (— S.iidb)  occurs  in  beam  8H.  The  average  antenna  element  pattern  (Fig.  2-10) 
tends  to  suppress  eiclelobes  on  one  aide  of  the  main  beam  and  eir.phaslEe  them  on  the  other  side 
(good  examples:  beams  3R  and  4L). 

Cosine  and  Coaina-Squared  Illumination  Beamai-  It  was  shown  aarller  that  a  cosine  il» 
iumlnati;-"!!  of  the  aperture  could  be  achieved  by  adding  two  adjacent  brsms.  Antenna  patterns 
have  been  t.nkcn  for  all  adjacent  beam  combinations,  using  a  hybrid  ring  as  an  adder.  The  appro¬ 
priate  phase  correction  was  obtained  by  the  use  of  coaxial  line  stretchers.  The  hybrid  ring  elso 
provides  the  difference  of  the  two  adjacent  beams  (corresponding  to  a  sine  Illumination) ,  This 
difference  patterji  has  a  sharp  nul»  at  the  same  position  as  the  peak  of  the  sum  beam.  Figure* 
2-29  through  2-31  show  some  typical  sum  and  riifforence  patterns  obtained  by  adding  adjacent 
matrix  beams.  Figure  2-29  was  the  best  cosine -illumination  pattern  obtained.  All  aidelobes  cf 
the  sum  beam  are  below  -24db  (theoretical  first  cidelobe  of  a  cosine  taper  in  a  16-element  ar¬ 
ray  la  -21.3db). 

The  difference  pattern  has  a  32-db  null  at  tiie  thecretlcaUy  correct  position.  Figure  30 
shows  the  sum  and  difference  of  the  1  right  and  1  left  beams.  T'he  highest  sidelobe  in  this  case 
is -20db.  The  difference-pattern  null,  wlticfi  emreotly. located  at  0",  is23dbde«p.  Fig¬ 

ure  2-31  showB  coslr.c-Dlumlnation  patterns  'ormed  hy  adjacent  far-out  beams.  Tli^  lilgh  side- 
lobe  located  at  90*  !<i  the  right  of  brfiadside  is  due  to  addition  of  ttie  grating  lobf*  of  the  two  com¬ 
ponent  Bef.ma. 

A  few  cosine-squared  illuminations  were  tested  experimentally.  Unfortunately,  a  beam  com.- 
biner  such  as  the  one  shown  In  Fig.  2-6  was  not  available  at  the  time,  and  a  "loah-up"  of  a  power 
divider,  lino  stretchers  and  attenuators  was  used  to  form  a  lossy  beam  combiner.  ?'igure  2-32 
shows  a  coalns-squared-lllumination  antenna  pattern  formed  by  combining  beams  IL,  2L  and  31/, 
The  first  sldelobes  are  down  27 db  and  32db  (theoretical  =  32tlb),  Figure  2-33  shows  the  pattern 
of  a  coslne-squared-on-a-pedestnl  lllr  ;  Inatlon.  The  pedestal  height  vraa  about  24  per  cent 
(theoretical  highest  sidelobe  =  -27  lb,  The  measured  first  sidelobes  are  both  -27db.  In  both 
patterns,  the  far-out  sidelobes  are  irri-jr  than  expooted  because  of  phase  and  ampUtude  errors 
in  the  antenna  syatem  and  the  bea;..  <  ..l.•'blner.  As  exjieoted.  the  pedestal.  Illumination  produces 
a  narrower  beat  i  tnan  the  pure  oorlnc-squared  I  Hum  Inatlon.  Both  beams  have  peal<*  at  the  peak 
uf  the  middle  i  beam  (2L.)  as  expected. 

5.  Other  Invest'ghtli  ar.  In  RF  Beam  Forming 

Several  problem  areas  presently  under  study  arc  related  to  RP  beam  forming.  Since  some 
of  these  tnvestlgatione  are  juei  beginning  and  the  others  are  planneo  for  the  near 'future,  not  much 
ie  available  in  the  way  of  concrete  results. 

Betuii -Forming  Matrix  Layout  and  Fabrication.'-  A  major  drawback  of  the  RF  beam¬ 
forming  technique  is  the  complexity  of  the  matrix  arrangement.  For  example,  a  64-element 
linear  array  requires  a  matrix  containing  192  directional  couplers  and  160  fixed  phase  shifters. 
Tlw  interconnection  of  thcao  cuiupunenis  leads  to  numerous  transmission  line  crossovers.  If 
the  matrix  is  not  packaged  in  a  compact  form,  the  insertion  loss  due  to  line  loss  ruay  become 
intolerable. 
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Fig.  2-29.  CmlfMi-lllumSnoltor.  poM«rm  «l'!9  bsosa  2  r!8h^  and  3  rlghl:  (o)  lum  boom;  (b)  dlfforoftc*  boom. 
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strip  transmission  line  Interconnection  and  croatovor  techniques  are  being  investigated.  It 
is  also  planned  to  use  a  new  strip  transmission  line  material*  to  reduce  the  Insertion  loss. 

Beam  Selection  and  Combination  Tech.ntques:-  The  hcavn-i'ormintT  matrix  provides  n 
beams  from  an  n~e!ement  array.  In  many  .sppllcatlons.  It  is  not  necessary  to  observe  the  output 
of  all  beams  simiiltanoously;  thus,  h  receiver  could  be  time-shared  among  several  matrix  beams. 
A  beani-seievdion  network  using  solid  stato  micr..wave  switcnesi’  will  be  built  In  the  near  future. 
This  network  will  select  any  beam  of  the  l<>-elenront  matrix  and  will  also  provide  the  sum  and 
difference  (cosine  and  sine  aperture  illuminations)  of  any  two  adjacent,  beams.  This  beam- 
forming  and  beam-selection  combination  will  then  be  installed  in  the  15-element  test  array  to 
study  control  and  display  problems  in  a  realistic  icuvironment. 

Possibilities  of  (ligh-Power  Operation:  Tha  t.oain.-farming  matrix  is  limited  in  power- 
handling  capability  (from  a  transmitting  standpoint)  by  the  lilgh-power  characteristics  of  the 
transmission  line  used.  The  complexity  of  large  mutrices  discouragea  the  use  o'  coaxial  line  or 
waveguide,  end  thus  the  power  limit  is  set  by  the  atrip  transmission  line.  Also,  since  the  matrix 
behaves  Hkn  a  corporate  feed  or  power  divider,  the  bottom  directional  couplers  and  phase  shlftars 
will  have  to  handle  much  higher  powers  than  the  upper  ones. 

Equipment  to  test  the  peak  and  average  power  capability  cf  atrip  transmission  line  has  Just 
recently  been  assembled,  and  come  early  results^  are  available.  While  It  is  somewhat  unlikely 
that  a  strip-line  matrix  could  be  used  in  the  high-power  sections  of  the  phased  array  transmitters 
being  proposed  these  days,  the  matrix  might  be  useful  in  the  medium-  and  low-power  sections. 

Beam  Interpolation!-  A  possible  drawback  of  this  beam -forming  technique  la  that  the 
simulianenua  beams  are  fixed  in  space.  Continuous  null  tracking  of  a  target  using  monopulse 
angular  resolution  techniquea  must  be  replaced  by  a  boam  Interpolation  technique.  This  problem 
will  be  studied  In  the  near  future. 

C.  ANTENNA  ELEMENTS  W.  P.  Delaney  and  J.  Skier 

1.  10-Element.  Test  Array* 

The  log-periodic  antenna  elements*  used  in  the  lb-element  test  array  will  be  replaced  by 
dipoles.  The  dipoles  will,  allow  op»ratlon  at  peak  powers  of  in  kilowatts  for  phased  array  trans¬ 
mitter  testing.  Also,  the  dipoles  should  have  more  predictable  antenna  patterns  and  better  polar¬ 
ization  properties  than  the  log  periodlcs. 

2.  Scimitar  Antonna 

The  scimitar  antenna  (Fig,  2-34)  appeared  to  be  an  attractive  antenna  element  for  phaaed 
array  applications.  It  is  eaelly  .fabricated  and  can  be  fed  direccly  from  an  unbalanced  transmis¬ 
sion  line.  The  scimitar's  traveling-wave  operation  suggests  low  mutual  impedance,  and  its  flat 


*  The  chorocferljtles  of  this  maWfioi  are  dlieuttad  by  D.H.  Temms  In  Ch.  II,  Sac.  A. 
T Those  iolldl  itote  jwltehei  ora  dticvsiod  by  D.H.  Temme  In  Ch.  II,  Sec.  D. 
t  See  CH.  11,  Sec.  B. 

g  J.  L.  .Allen,  ^  d.,  ojJ.  olt.,  pp.  5-13  and  19-24. 
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Fig.  2-34.  Scimitar  en^anna. 


al^pe  Indlcaine  linear  polarixatiori  in  at  least  one  plane.  Also,  It  seems  .reasonable  that  two 
scimitars  could  be  crossed  to  provide  tv/o  orthogonal  polarizations. 

In  order  to  teat  these  h/pothesea  and  to  become  familiar  with  the  properties  of  scimitar  an¬ 
tennas.  three  modoiis  were  built.  All  were  tested  for  Imp-doncie  characterietlos,  and  the  best 
of  these  was  choaen  for  pattern  measurements. 

The  patterns  resulting  from  these  teste  were  not  very  satlafactury.  The  E-plane  pattern 
vioa  h»rtty  sniiinTer,  off-boroslght  With  B  deep  valley  near  the  boreslght  direction.  Tne  H-plane 
pattern  had  low  gain  and  was  nrt  smooth  In  Its  angular  varlatlen.  Figures  2-35  and  .1-36  show 
the  E-  and  H-planc  patterns  of  the  scimitar.  The  patterns  of  a  half -wavelength  dipole  located  a 
quarter -wavelungth  above  the  ground  plane  are  Included  (or  comparison.  Both  the  solmltar  and 
dipolo  patterns  were  messured  with  the  same  receiver  gain.  The  low  gain  of  the  sclmita.**  can 
be  partially  atiilbuted  to  its  polarisation  characteristics.  Very  undesirable  polarisation  pr<^- 
ertioB  were  found  for  the  scimitar.  Extensive  measurements  indicated  that  the  angle  of  the  po¬ 
larization  ellipse  changed  radically  as  the  eoimltar  antennn  was  rotated  in  the  azimuth  plane. 
Hence,  when  the  solmltar  blade  was  vertical  and  facing  the  transmitter  (azimuth  ongle  »  0"),  the 
element  was  vertically  polarized.  At  other  azimuth  angles,  the  polarization  became  nlliptioal 
and  the  major  axis  of  the  polarization  ellipse  was  no  longer  viirtlcal.  For  an  azimuth  angle  of 
60*.  the  element  was  almost  horizontally  polarized.  In  Fig.  2-37,  the  angle  of  the  major  axis  of 
the  polarization  ellipse  is  plotted  against  azimuth  angle,  For  oomparlson,  the  same  measure- 
nients  for  a  dipole  and  a  printed  circuit  logarithmic  periodic  element'’'  are  shown. 

Since  all  the  aforementioned  measurements  were  made  on  a  single  e«inpl«,  and  since  the 
tested  model  was  mounted  on  only  e  small  ground  plans,  unqualifisd  coticluslona  cannot  be  made. 
Ilowevei’,  the  polarization  properties  of  the  solmltar  antenna  are  bad  enough  to  make  one  very 
suspicious  of  its  value  as  an  array  element. 


•  J.  L.  Allan,  «t  ol.,  eg.elt.,  p,  19. 
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Fi(|.  2-37.  Pelerii^atlon  propartlM  cf  lolmltar  onMnnu 
(log-p«rlodle  and  dipolt  onfannoi  Insludad  for  ewn- 
parti«n). 
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CHAPTER  n 

S'fRIP  TRANSMISSION  LINE  COMPCWENTS;  PHASE  SHIFT'fiSS  AND  SWrfCfiES 


SUMMARY  D,  H.  Tetnme 

TUa  chapter  Is  concerned  with  the  development  of  phase  shifters  and  microwave  switches 
for  array  appllcatiuns,  and  with  correlary  areas  of  Interest  such  as  strip  transmission  line  tech¬ 
niques  for  euch  components. 

Section  B  reports  the  results  of  some  measurements  on  new  low -loss  copper-clad  material 
for  strip  transmission  line  aud  its  fabrlcatlcn  properties.  Next,  some  preliminary  experimental 
and  theoretical  results  on  the  power-handling  capability  of  such  lines  are  presented.  The  oon- 
cK-ding  section  on  strip  transmission  line  outlines  some  techniques  for  fabrication  oif  such  lines 
which  yield  sn  esse  of  breadboardlnj  comparable  to  that  usually  associated  with  lumped  circuitry. 

■Section  D  reports  the  developments  since  TR-2?.8  in  the  area  of  low-loss  RF  diode  switches 
for  the  control  of  microwave  signals.  Finally,  Section  E  reports  the  developments  In  the  appli¬ 
cation  of  these  and  other  switches  to  the  problems  of  development  and  fabrication  of  digital  phase 
slilfters  and  time  delays. 

A.  INTRODUCTION 

Two  crucial  components  of  moot  ariay  systems  are  microwave  swltclies  and  variable  phase 
shifters,  their  relative  importance  being  dependent  upon  the  exact  array  configuration  chosen. 

The  necesatty  of  fast -acting  (microsscond  time)  switches  capabls  of  handling  microwave  signals 
In  a  low-loss  manner  ie  apparent  In  syeteme  making  uae  of  tueh  technlquea  as  the  atnmltaneoua 
beam-forming  techniques  described  in  the  previous  chapter.  In  such  applications,  thu  switches 
find  use  for  signal  routing  from  the  t.lmultanaous  beam-forming  matrix  to  receivers.  Further, 
at  outlined  in  I'h-iib,  the  development  of  quality  microwave  swltcnaa  makes  possible  the  cor¬ 
relary  development  of  discrete  phase  shiftere  and  time  delays  uaing  these  switches.  This  chap¬ 
ter  reports  the  developments  la  these  areas  since  TR-228, 

Further,  since  the  eompactnoes  and  ease  of  reproducibility  of  strip  transmission  lino  appear 
to  make  this  a  highly  desirable  teclmlque  for  array  componeiti  fabrication,  a  groat  deal  of  work 
during  the  past  year  has  gone  Into  tho  development  of  Improved  strip  tranemiselon  line  compo- 
nnnta  in  support  of  the  main  area  of  Interest.  This  work  Is  also  reported  In  this  chapter. 


B.  MEASUREMENTS  ON  STRIP  TRANSMISSION  LINE  MATERIALS 

This  section  reports  the  results  of  measurements  pn  a  new  material  for  microwave  atrip 
tranamibslon  lines,  Tol'ion  3A,  manufactured  by  Ti^U.  Manufacturing,  Orange,  New  -fersey. 
Some  of  the  manufacturer's  speclfluatlonB  are; 


Dielectric  constant 

Disaipatlon  factor 
Dielectric  strength 
Operating  Temperature 
Continuous 
Intermittent 
Peel  strength 
Solder -dip  resistance 


2.31  at  i  Meps 
2,25  from  1  to  TOepa 
<0.0002  from  1  to  VOeps 
4£i6  volts/mil 

100*C 
2bO’C 
5  lb/ In  mlr. 
iOseo  at  kSO'P  min 
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TUe  wjsBrixnontB  fna<  fiave  been  conducted  to  verify  the  masiufacturer'#  UaU  and  to  obtain  data 
for  component  deeian  are  described  below. 


1.  Dlfliectrlc  Constant 

The  dielectric  in  Teilon  3A  le  a  modified  polyolefin.  Schlabach  and  Colarde, give  a 
good  comparison  of  the  dielectric  properties  of  this  materlol  with  other  strip  transinisston  line 
materlalQ. 

A  check  on  the  manufacturer's  quoted  value  of  the  dioleetrio  .constant  was  made  between 
60CMcps  and  4Gcpj  by  measuring  the  wavelength  in  a  Teilon  3  A  transmlsBion  11ns.  A  probe 
consisting  of  a  i.I-mil  copper  wire  wea  placed  on  the  center  conductor  of  a  50-ohm  line.  The 
wire  probe  was  brought  -lUi  pe» peudlcui--.i-iy  from  the  center  conductor.  A  tapered  litjo  trans¬ 
former  was  used  to  match  the  wire  probe  line  to  a  50-ohm  detector,  Nulls  at  the  probe  posi¬ 
tion  were  deteoiod  %  the  'requenOj  of  the  signal  generator  feeding  the  line  was  varied.  The 
distance  from  th.j  piot..  \.u  the  A.bvi-ted  end  of  the  line  could  easily  be  measured  with  a.n  accuracy 
of  0,2  per  cent.  Frequency  -vas  measured  to  0.1  per  cent.  Any  discontinuities  Introduced  by 
the  probe  should  be  negligible  according  to  Altschuler  and  Ollner.'^  Thus,  the  value  of  dielectric 
constant  obtained,  2.25,  should  hr.ve  a  maximum  errer  of  1  per  cent.  These  values  are  plotted 
In  Fig.  i..3a. 

i.  Attenuation 

Using  Cohn's  formula,^  the  calculated  attenuation  c*  vs  frequency  for  SO-ohm  line  Is  plotted 
In  Fig.  2-39  The  attenuation  cf  an  Icolnted  section  of  transmission  line  Is  related  to  the  quality 
factor  Q  ‘■yS 


Using  the  sa'-  o  type  of  probe  as  that  used  lo  measure  the  dielectric  constant,  the  Q  of  a  lino 
can  be  dei  ^'  mined  from  the  meaeured  3-db  tjandwidth  of  an  iiibuerved  null.  This  Q  is  actually 
the  UuidF''  Q.  However,  If  near  a  null  frequency  the  input  iinpedanco  of  the  probe  and  the  Im- 
podanc-'  ’  the  generator  seen  from  the  probe  position  are  very  large  ootapared  with  the  input 
impedf'.  01  the  ehorted  Hue  at  tlw  probe  position,  the  computed  lis>aded  y  Is  nrnetlcsHy  the  rj 
of  the  line.  Tijo  values  obtained  for  the  attenuation  are  shown  In  Fig,  2-39.  One  can  see  from 
this  flgv,.  ■  ::.«t  the  attenuation  of  Teilon  3A  is  predominantly  a  copper  Iciss  at  VHF  and  lower 
UHF  fre-i^.t.-c'es. 

It  '  further  Interesting  to  note  that  strip  transmission  lino  atlenuatlon  compares  favorably 
with  coB..^.  line  which  uses  similar  materials  and  outer  conductor  dimensions,  Gannett,  et  al.,! 
have  derived  o  simple  general  equation  for  the  attenuation  for  iransmlajion  line.  For  TEM  lines, 
this  eT'.atlon  hecomrr 


‘'T.n.  Sehitii  •  'h  ofi'!  R.if.  *«ou,  "Low  I'm  Muterlolt  for  Printed  Mlerowove  Appileatlom,"  to  be  prsaantsd 
at  AIEE  Wli.\.i  '.cral  t/tctlng,  28  January-  2  F^ruory  1M2. 

I  H.M.  Alt.^  'i*i  omJ  A. A,  Ollnsr,  "OlKontlnuttlM  In  lha  Center  Conductor  of  Symmetric  Strip  Trarumlulon 
Lins,"  in.  «.  IRE,  PGMTT  MTT-B,  338  (I9d0). 

fS.B  "Problemi  In  Strip  TrcwumlMlon  Llfiei,"  Trow.  IRE,  POMTT  MTT-3.  120O9SS). 

§  J.P.  I'vi’ntlst  end  G.T.Cogtg,  Prlnclplot  of  Rader  (McOrow-HIII,  r4ew  York,  1952),  p.  624. 

9D.K.  Gannatt,  efol.,  "A  Simple  Gstierol  Equation  for  Attentmtlon,"  Free.  IRS  48,  1161  (19<fi).. 
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MAVf  D 


n  =  conatont  depending  only  on  the  Intrinsic  propertlea  of  tne 
dielectric, 

M  -  constant  depending  only  on  the  intrinsic  propertlis  of  the 
dielectric  and  of  the  conducting  mat&i'iol, 

A  =  constant  depending  on  the  configuration  (but  not  the  scale) 
of  the  cross  section, 

u  =  selected  linear  dimension  of  the  cross  nectlon  specifying  its 
size  or  scula.  all  other  dlmenatona  having  fixed  ratios  to  a, 

f  *  transmitted  frequency 

Thus,  expresuloas  for  A  for  coaxial  line  and  at>  ;~  ..i'»iismi!i3ion  line  give  the  dsBi»'«d  cutn- 
parlson.  For  coaxial  line,'” 


A  => 


i  +  a/b 

In  a  A 


=  3,6 


for  50 -ohm  copper  line  with  Tellon  dielectric.  The  A  for  strip  transmission  line,  extracted 
from  Cohn's  attenuation  equation.'^  le 


A 


Zw/b  ^  i  1  +  i/b 
(i-t/bi^  '(l-t/bl* 


where 

E  relative  dielectric  constant, 

V 

7,.  E  characteristic  impedance, 

0 

t  E  thickness  of  center  conductor. 


b  E  ground-plane  spacing, 
w  =  width  of  center  conductor. 


For  a  50»ohm  Tellon  3A  line  with  b  «  0.Z5  inch  and  Z-ounen  copper,  A  is  3.5. 


C.  STHIP  TnANSMISSION  LINE  POWER- HANDl.IMO  CAPABILITY 

The  use  of  strip  transmission  line  in  transmitter  components  may  bu  lUiiited  by  Us  power- 
handling  capability.  Some  initial  studies  and  tests  to  determine  tho  power-h>'.r:d'i,ng  oapablltty 
of  strip  transmission  line  are  reported  in  thU  section. 

1,  Peak  Power 

Since  dielectric  breakdown  strengths  are  generally  large,  one  shuuld  be  able  to  transmit 
large  peak  powers  through  lUelectrlc  strip  transmission  line  if  all  air  voids  can  be  eliminated. 
On  teats  to  date,  breakdown  has  occurred  with  50-oluf)  Tellon  3A  with  i-inch  ground-plane  spac¬ 
ing  between  150  and  ZOO  kw  peak  power  with  a  duty  cycle  of  O.OOiZ,  The  resulting  corona  pattern 
has  indicated  that  all  air  voids  had  not  been  eliminated  even  though  the  center  conductor  was 


*D,K.  Goonett,  lac,  cit, 
tS.B.Cohn,  loe.  elt. 
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coik' .v;  I'Hh  Dow  Co.rnlog  DC-1  slUcon  Krease  before  .e  line  wap  assembled.  Greraar  5586  HN 
connectors  were  used.  Work  is  continuing  in  an  effort  to  find  techniques  to  eliminate  air  voids. 


2.  Average  Power 

The  averape  powcr-handllrig  cEpablllty  of  strip  transmiesjon  line  is  determined  by  the  ability 
of  the  lire  to  dissipate  the  heat  due  to  signal  attenuation.  An  expression  for  the  average  power¬ 
handling  capability  of  transmission  line  with  negligible  dielectric  loss  Is  leadily  attained  by  anal- 
egy  between  its  electric  field  (E  =  '?v;  and  Its  temperature  gradient  field  (VT)  This  Is  a  conse¬ 
quence  of  analogous  Laplacian  equations. 

V^V  =  0  , 

V'’"T  =  0  . 

For  the  parallel-plate  electric  capacitor  and  the  parallel -plate  "  heat  capaeiior,"  analogous  i-e— 

'  are  shown  in  FIq.  2-40.  Similarly,  for  strip  transmission  line  with  negligible  dielectric 
p-'.t'u.  the  map  for  the  electric  field  and  temperature  gradient  field  is  similar  as  a  consequence 
of  the  Laplacian  expression.  A  plot  of  the  strip  tranemiaslou  line  capacitance  as  given  by  Cohn’*' 
is  shown  in  Fig.  2-4 1.  Thus,  by  analogy  for  strip  transmission  line.  If  one  assumes  that  the  di~ 
liloctric  losses  arc  negligible  and  the  heat  generated  by  the  RP  copper  loaoes  of  the  center  con¬ 
ductor  all  flows  pet  pendicularly  from  the  center  conductor  through  the  dielectric  (the  worst  and 
general  case,  since  very  little  heat  flows  along  the  center  conductor), 

ST  “  jf~  P®*"  length, 

PP 

where 


w  =  cental-  conductor  width, 
b  a  ground-plane  spacing, 

C  a  strip  transmission  11ns  capacitance  per  unit  length, 

Cpp  a  nonfringing  plate-to-plate  capacitance  per  unit  length, 

The  rate  of  heat  flow  is  determined  by  the  RF  attenuation  of  the  center  conductor  Extraet- 
Ing  from  Cohn's  formula*  and  including  a  correction  for  the  change  of  resistivity  with  temperature, 

“ec  b(l  -t/h) 

t  p®*'  length 

where 

(3  a  temperature  resistance  coefficient  (0,004i/'C  for  electrolytic 
copper), 

T  =  iemperature  of  center  conductor  in  degrees  centigrade. 

Then 

^DCC  °  201  (neper ,''length)  P 

a  O.231of„p(db/longth)  P  , 


*S.B.  Cohn,  loe.  cit, 
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STRIP  CAPACITANCE  (pptAn) 


Ce  Eloctricol  copacitonc* 
Q  Charge 
V  Vol  rage 

£  DIelecrrIc  conitanr 
A  CrMS”>ocHanol  oreo 
<1  Slab  thickness 


'’hswl 


H  Rate  ot  heat  tio  -'nrlee/iee) 

T  Tomperolvre 

K  Coefficient  of  thennal  eonducTlvii;, 
A  Cpos;-iectlorol  thlekneii 
d  'lob  ‘l.tckness 


Fig,  2-40.  Capacitor  analogs. 


Fig.  2-41 .  Copocitance  n\iio  ,'jr  sHp 
tranimliiion  line, 


WIOTH-TO-SPACim  MTIO 
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Ta-si-seiel 


where 


^DCC  '  ~  power  di6al^.»(ed  in  center  conductor  in  watts  per  unit  length, 

conductor  attenuation  in  db  per  unit  length, 

P  =  power  in  v.'atta  tranamitted  in  the  line. 

However,  the  d'electrlc  loss  In  Tellon  3A  50-ohm  line  with  i-inch  ground-plane  spacing  at  IGcps 
is  about  15  per  cent  of  the  center  conductor  loss.  An  approximate  formula  which  includes  the 
dielectric  loss  is  readily  attained. 

The  steady- state  heat  differential  equation  is'*' 

y* 


where 

g  =  dielectric  heat  generated  per  unit  volume, 

T  -  tomperatir*-e, 

K  =  thermal  conductivity. 

The  one -dimensional  case  of  the  above  equation  is,  in  general,  readily  solvable.  A  strip  trans- 
miaaion  line  with  nonfrir.glng  electrical  and  heat  capacitance  ia  a  one-dimenalonal  case,  The 
width  of  a  strip  D  with  an  associated  unifoi  m  field  but  with  the  same  capacitance  as  the  actua] 
strip  of  width  w  is 


C 

D  =  w 

'^PP 

Then,  the  heat  equation  takas  the  form 


where 


integrating. 


d^T 


-i  ' 


a  =  ZajjP/Db, 

a  dielectric  attenuation  In  nepers  per  unit  length, 
P  =  power  flowing  in  the  line. 


^  KDb 


Since  ono*-half  of  the  heat  <1ue  to  center  conductor  and  dielectric  attenuation  flowi  out  of  the 

dTt 

ground  plane  at  x  =  0  (see  Fig.  2-42),  and  this  heat  flow  lo  -KB  xbQ* 


KO 


where  ttg^.  Is  the  attenuation  of  the  center  conductor  in  nepers  per  unit  length. 


*H,S,  Cofiilaw  and  J.C.  Jaeger,  ConducHcn  of  Heot  In  SollA  (Oxford  Univentty  Prow,  1959),  p.  )0. 
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Ftg.  2-42.  Atiirnttl  flAw  configuration  wh  in 
dlalactrlc  lou  It  lihiludnd. 


FRIWtNCY  lOORtI 


Fig.  2-43.  Aitanuallon  of  Tallen  3A  with 
Parrnactl  ST6347  cantor  conductor. 


V 


Ir^g|!  frating  attain  and  applying  boundary  conditions. 


■:l 


■  2a:  \  (Occ  ^  ^ 

■■  “  ~kDb~  ictr 


T  = 


ce^Px  (a  ■  *  +  a;  .}  ’ 

— 2 _ ^---  ■  .1.?.  pv  +  c 

KDb  ^  KD  ’ 


O.C,  -T, 


T  =  T,  at  X  «  b/2 

4  t 


Al'  =  T2  -  = 


'Pbi 


4K0  <^®cc  ^“d> 


For  the  a's  in  db  per  unit  length,  this  expression  is 

*T  -  M2::i£b  ^ 

~  KIJ 


-cc  +  “ir 


A  fairly  good  estimate  of  the  accuracy  of 
a  SO -ohm  Tellon  line  with  i-lnch  ground -p'lane 
is  ccr.r::ect  and  is  about  85  per  cent  of  the  ti4al<< 

0  per  cent  of  tlie  15  per  cent  for  a^.  Thv.a,  the 
Lnt  and  the  pr  obability  within  a  few  per  ceit. 

xperiiniental  verification  of  the  above  resulti^ig  under  way 

k’RL.  mXNSMlSSION  LINE  TECHNIQUES 
L  ?rfc: -Iboards 

r 


This  will  be  done  for 


The  contribution  of  to  AT 
cc 


la  can  be  made, 
at  1  Geps. 

part  for  Cpp  is  correct,  and  this  is  about 
^racy  of  the  formula  is  well  within  6  per 


W.  J.  Ince  and  D.  H.  Temme 


Thf 

of  the  inftln 
equally  iriwoi 
board'  as  ^as' 
line  technique 
description  of  th 
Barrett  cut  ^ 


se  oL reproducibility  of  strip  trsuismission  line  microwave  components  has  been  one 


tractive  featurrs  of  strip  tra'ismiss^n  line  described  by  Barrett.’*'  However,  an 
j^ant  microwavo  design  objective  is  tfe  ability  to  fabricate  a  "microwave  bread - 
y  as  a  "lumped -circuit  bree.dboardf  Over  the  years,  many  strip  transmission 
useful  in  breadboard  fabric^ition  hs^ve  evolved.  This  section  contains  a  brief 
e  "mlnrowsve  breadboard!'^"  currently  employed  by  Group  41. 
enter  conductor  configurE.tions  out  of  thin  metal  foil  for  his  breadboards.  Ac¬ 


curately  cutting  foil  is  easier  if  the  foil  is  bonded  (chemically  or  by  an  adhesive)  to  the  di¬ 

electric.  St:rippiri'^^*r  off  the  undesired  copper  on  many  materials  is  difficult  because  of  the  copper 
bond  st.rangth.'  Thl|g|^»  use  of  nr.  adhesive -cos -ed  copper  foil  such  as  Permacel  ST&347  for  center 
I'works  •»-  ;U  for  breadbo.nrding.  The  additional  microwave  signal  attenuation 
ij'm  iiA  is  .sho-wn  in  Fig.  .;'-43  and  usually  is  inconsequential  when  breadboarding, 
^ctric  constant  is  about  i.30;  thus,  the  wavelength  is  about  1  per  cent  longer 
in  pure  Tellon. 

titter!  with  a  knife  edge  can  be  used  for  cutting  the  foilt  (Fig.  2-44i).  It  is  pos- 


conductor  material ' 
over  and  above  Telll 

i,  I 

The  composite  ^.ele  ffi 
in  a  breadboard  ^hai:! 

A  height  gauge  ij 
siblc  to  obtain  accur ' 
precise  spacings  be 


Radies  Cl  a  few  mils  wi'.  h  this  technique  (this  is  particularly  important  for 

f Vivien  laterally  coupled  lines,  i.e.,  in  the  directional  coupler  depicted  in 
* 


Bonatt,  ^  Ifieeh  Sar/e  as  MJcn>wav  >  Compoi'tents,"  Electronics^,  114  (June  1952). 
t  Hiis  '/wjs  brouO'it  jittenficr.  »•/  Robert  Jorrlo  i  of  Sy{:/anta  Defense  Products. 

t  fliese  pbofocrapbs  ./t  o  teksn  Ivrfr  re  Permnee;  S‘'6347  was  available;  the  adhesive  on  the  foil  used  was  very 
lo:5>.  The  F  516347'  -iurf-ic-i  !■-  smoother 


# 
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Best  Available 


6t 


fig.  2-44),  In  leas  critical  appltcations,  it  la  more  expedient  to  use  a  miodifled  Keuffel  k  Eener 
circuit  path  cutting  tool  (KT53310)  in  the  KE3322  cut  "N"  atrip  cutting  toola  kit  ahown  on  the  light 
of  Fig.  Z.43.  'Ihe  hevcl  ai  the  cutting  edge  01'  the  blade  hua  been  irici'eased  to  elimimita  drag,  and 
some  spacers  have  been  ground  to  obtain  desired  spaeings  between  the  two  cutting  edges. 

Two  methods,  both  using  the  Grcmar  5804  connector,  have  been  used  for  electrical  comioc* 
tlon  to  the  breadboard.  In  the  first  method,  the  head  of  the  brass  2-56  screw  used  to  fasten  the 
center  pins  is  filed  until  it  protrudes  ^  inch  above  tho  bsse  material  surface  (Fig.  2-44),  This 
protrusion  imbeds  into  the  center  conductor  when  tho  connector  ha'f-aandwlch  is  assoinbled  with 
the  center  conductor  half-sandwich.  In  tha  aecoud  method,  contact  between  the  center  pin  of  the 
Oremar  connector  and  the  center  conductor  of  the  strip  transmission  line  is  made  with  a  gold- 
plated  nickel  belle wa  spring  manufactured  by  ServomsiBr  Corporation*  (Fig.  2-46).  These  bel¬ 
lows  are  very  versatile  and  have  also  been  used  for  making  electrical  contact  to  diodes  and  far 
sliding  sliort  circuits. 

The  techniques  described  above  liave  proved  to  be  particularly  useful  in  quickly  providing 
microwave  components  (i.e..  couplers,  hybrids,  filters)  needed  in  test  setups, 

2.  Tellon  3A  Fabrication  Properties 

TeJlon  3A  is  easy  to  punch  and  rivet.  However,  solder  must  bo  applied  with  care  in  order 
to  avoid  heating  the  Tellon  above  its  deforming  temperature.  The  technique  employed  was  de¬ 
vised  by  Ralph  Thompeon  of  Group  73.  He  has  prepared  a  special  flux  with  the  following  in¬ 
gredients; 


Per  Cent  by  Weight 

Ingredient 

28 

NjHj  Br 

56 

Polyethj'lene  glycol  with  a 
molecular  weight  of  200 

16 

Water 

The  solder  used  with  this  flux  is  40%  'lead/60'7i>  tin  eutectic  solder,  Solder  flow  occurs  readily 
at  about  350*F  with  this  flux  as  contrasted  to  about  450 'F  with  conventional  low-temperature 
solders.  Care  must  be  taken  to  remove  excess  flux  after  soldering  because  the  flux  is  BUghi''Y 
cori'csive.  This  is  eacily  accomplished  with  water  since  the  flux  is  water  soluble. 

Tnvion  warps  to  some  degree  when  etched.  A  alight  reverse  warp  can  be  introduced  with  a 
three-roller  sheet-metal  roller.  This  eliminates  appreciable  air  voids  around  the  canter  con¬ 
ductor  region  v^hen  the  two  half-sandwiches  are  assembled.  The  use  of  e  rigid  ground  plane  is 
also  bf  1  ’  investigated. 

E.  RF  DIODE  SWITCHES 

Fast  low-loss  RF  switches  have  applications  of  "lino  stretching"  and  signal  routing  in  elec¬ 
tronic  scanning  radars.  This  section  reports  work  on  such  switches  since  TR-22B,  emphaoizlng 
the  potential  microwave  switching  characteristics  of  PIN  junctions,  and  the  results  obtained  with 
soma  expp*"' mental  switches. 


*  This  vwn  brought  to  our  attentlor>  by  Bonwr  Cainntanu  of  Bell  Telephone  Loberotorlei. 


67 


1.  Mie-'owave  Switching  Characteristics  of  Diode  Junctions 

An  equivalent  ait  cult  for  a  p-n  junction  was  reviewed  in  TR-228.  Some  moaaurcd  values  of 
Hg  and  C  were  given  for  aonte  computer  and  varactor  diooes,  These  date  suggested  that  for 
microwave  switches  the  vr.ractor  olode  Is  preferable  to  the  computer  diode,  as  would  be  expected 
on  basis  of  impurity  concentration.  TTowaver,  a  diode  with  a  lower  operating  RC  product  and 
higher  voltage  breakdowti  Is  needed  In  many  RF  switching  applications. 

The  PIN  structure  .appears  capable  of  meeting  these  needs,  and  the  use  of  the  FIN  diode'*' 
as  an  RF  switch  has  bean  discussed  by  Uhllr.t  However,  with  the  exception  of  a  PIN  diode  de¬ 
veloped  by  Bell  Telephone  I.jaboratorlea^  as  a  protective  limiter,  extensive  applicutlon  has  not 
been  made  of  this  structure  at  UHF'  frequencies.  An  Investigation  of  the  effectlvenese  of  the  PIN 
diode  an  un  RF  switch  is  under  way.  A  higher  breakdown  voltage  is  readily  achieved,  and  a  lower 
operating  RC  product  la  expected.  The  reoovery  time  of  the  PIN  diode  when  switched  from  for¬ 
ward  to  reversed  bias  will  be  larger  tlianfor  a  varactor  diode,  but  it  is  expected  to  be  about 
i  psec  when  an  adequate  reverse  l>lc.s  is  applied, 

2.  Experimental  Diode  Switches 

Diode  switches  have  been  reported  in  numerous  places.  Probably  the  most  recent  and  com- 
plete  article  on  TEM  transmission  line  diode  switches  is  by  Qerver.S  Th-  ,  client  features  of 
diode  switches  will  be  briefly  enumerated  below,  and  the  performance  of  some  experimental 
atrip  transmission  line  switches  developed  by  the  writer  will  be  given. 

The  surlea  resistance  R,  of  a  diode  eete  the  upper  limit  of  the  Isolation  loss  (maximum  at- 
tannution)  of  a  shunt  diode  switch  and  the  lower  limit  of  the  Insertion  loss  (mltilntum  attenuation} 
of  a  series  diode  switch  for  a  given  characteristic  Impeuance  line.  Similarly,  and  the  oper¬ 
ating  reveree  bias  junction  capacitance  C  determine  the  maximum  antlreionant  impedance  at¬ 
tainable  with  a  diode.  This  impedance  sets  the  lower  limit  of  the  insertion  loss  for  the  shunt 
diode  swituh  and  tliK  upper  llinil  of  ttm  isulsUoa  loss  of  a  series  diode  switch  for  a  given  char¬ 
acteristic  impedance  line.  The  series  and  shunt  sv/ltcties  are  dual  in  nature.  In  fact,  the  dual  of 
an  Ideal  diode  is  an  ideal  diode  with  reverse  polarity. 

The  realization  of  the  performence  limits  set  forth  above  is  determined  by  the  coupling  of 
the  semiconductor  wafer  to  the  transmission  line.  The  lead  contacts  to  the  semloonduotor  wafer 
havo  e  significant  inductance,  and  the  diode  case  has  a  non-negUgible  eapacltanos.  Other  effects 
of  the  diode  mount  may  be  equally  signtflcant.  For  example,  a  typical  value  of  11  db  for  isolation 
at  90U  Meps  is  obtained  when  shunting  one  side  of  a  SO^ohm  strip  transmission  line  having  i-lnoh 
ground-plane  spacing  with  a  Microwave  Associates  MA-425T  diode.  A  typical  value  for  this 
diode  is  slightly  leas  than  1  ohni  and  a  C  of  1.5  pf.  Shunting  the  other  side  of  the  sti'ip  trans- 
miuaion  line  wllh  u  second  diode  Improvee  the  Isolation  to  at  least  25  db.  The  analysis  of  these 
results  la  not  sufficiently  complete  to  report  at  this  time. 


*R.H.  Hell,  "Power  Rtetifisrt  and  Tronilite.'*,"  Proe.  IRE  Hfi,  15^.2  (1952). 

M.B.  Prince,  "Oiffuied  PIN  Junction  Silicon  Rscitfisn,"  Bell  System  Tech.  J.jJS,  661  (1956). 

t  A.  Uhl  If,  "The  Potential  of  Samicenductor  Oledei  In  Hlgh-Frsquency  Communlcntloni,"  Proe.  IRE  lOvV  (1958). 

t  N.G.  Cranno,  "OlffuMd  PIN  DIedet  m  Proteetlve  LImIten  In  Mierewove  Clreultt,"  Tenth  Interim  Rsport  on 
Improved  Cryilol  Ractlflen,  Signal  Corpe  Contract  DA36-039-h:-73224,  Sell  Tel£)Wona  lahorntortei,  ^Ippopy, 
New  Jeney  (Jonuory  1958)  and  lufaiequent  report*. 

§R.V.  Gorvsr,  "Theory  of  TEM  Diode  Switching,"  Tran*.  IRE,  POMH  MTT-9,  224  (1961). 
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A  diode  Bluh  arrAdfieitient  'was'  wst'^  to  fabriaat?  Kdme  low^pawai*  pi'btective  Ulbi'?  twitches 
for  the  receivers  tn  tho  test  ni'ray.  The  switch  ctijifllated  ot  one  diode  Bhuntlng  a  nearly  half- 
wavulensth  stub  ?--47),  'fhts  arrangement  permitted  transforming  otit  reactive  effects,  thus 
realizing  across  the  strip  transmission  line  Junction  when  the  diode  was  forward  biased. 
Since  this  required  very  accurate  positioning  of  the  diode,  a  slldlrv  diode  mount  over  the  stub 
line  was  used.  When  the  diode  is  forward  biased  to  provide  Isolation,  il  can  ho  subjected  to 
larger  amounts  of  power  Chan  when  reversed  riiased.  The  allowable  power  for  a  forward  biased 
dlodr?  is  the  power-dissipation  capability  of  the  diode.  One-half  of  the  reverse  voltage  breah- 
down  of  the  diode  seta  the  peak  RF  voltage;  thus,  the  aHowable  power  for  a  reversed  biased 
diode. 

The  stub  was  extended  beyond  the  diode  to  tuAe  the  Junction  capacitance  to  obtain  maximum 
a.ub  U..pc..aiiije  at  the  evrlp  '..-ansmlsalon  line  junction  when  the  diode  was  reversed  biased  (a 
tuning  sc.-  '  x.'ac  used  to  vary  the  effective  alectr.loal  length  of  the  s+ub  to  accommodlite  the  var¬ 
iation  ,f  juudlcn  capacitance  of  various  dlod-as).  The  expected  attenuation  n  resulting  from 
.^hum.  .1^'  .1  uludfb  impedance  T  across  a  transmission  line  ha-ving  a  matched  generator  and  load 
Zoic 


For  a  forward  biased  MA-42S7,  Z  »  R^  e  lohm,  and  a  SOohma,  the  Isolation  Is  28  db.  When 
tho  diode  la  reversed  biased,  the  antlrescnant  Impedance  L/CR,  at  900Mcps  Is  l.tK,  This  causes 
a  negligible  Insertion  loss,  -rhe  frequency  at  which  the  magnitude  of  the  elub  Impedanoe  becomes 
1.4  R^  determines  the  bandwidth  where  the  Isolation  decreases  3  db  from  Its  maximum  value. 
Ajsuinlng  n  tia'if-wavflEiigth  stub  st  900  Mepa  terminated  with  a  1-ohm  roalatance,  the  bandwidth 
In  12  Mepa  or  1.3  per  cent.  The  inaortlon  bandwidth  ie  tena  of  par  centa. 

Seventeen  unite  were  fabricated  for  the  teat  array.  Performance  figures  ware  as  follows: 

lim. 


Isolation 

Blaa  for  laolatlon 
Inaertlon  loss 
Blaa  for  Insertion 
VSWR 


25  to  33  db,  26  db  average 
3ma 

Lera  than  0.2  db 
-4.0  volts 
Less  than  1.1 


Ttio  peak  power -handling  copabiUty  required  waa  lees  than  i  watt,  a  level  below  its  CW  capabil¬ 
ity.  No  tests  h'ive  bean  mode  to  detox  mine  the  actual  power-ltandllng  capnblllty.  The  Uolailon 
bandv/ldth  nhanknd  as  predicted.  Inaertlon  about  doubled  ot  SO  Mepa  from  900  Mopa,  the  center 
frequency. 

The  bUaing  of  the  diode  waa  accompliahed  by  providing  DC  isolation  between  the  ground  plane 
and  the  diode  with  an  KF  ceramic  capacitor.  The  ceramic  U  4mlla  thick,  tias  a  dielectric  oon- 
staiit  uf  2200  ano  is  manufactured  by  Mullenbach  of  I..OS  Angeles. 


3.  Receiver  Selector  Switch 

If  an  IlF  multlbeam-forming  matrix  Is  used  for  the  pliasing  function  In  a  phased  array  re¬ 
ceiver,  a  limited  number  of  the  totn]  number  of  output  beams  wlU  generally  be  processed  at  one 
time.  An  electronic  selector  nwltch  could  reduce  the  number  of  receiver  stripe  required.  A 
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(o) 


Pto,2-47.  Lowpewcr  praUetlvt  diodt  twtrehi  (a)  phatasniplt;  (b)  a^iulvalafit  clroulK 
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•i-poaitiion  RF  diode  switch  was  fabricated  to  asaeaB  its  performance.  The  selector  switch  'vas 
assembled  from  switches  described  In  the  previovis  section.  The  prlnted-olrcult  conflsuratlon 
is  shown  in  Fig.  2-4d.  The  Insertion  loss  of  the  traoEmlaslon  path  was  lees  tlian  0.7  db,  and  an 
Isolation  of  greater  than  7.9  db  existed  to  the  other  ports.  The  teflon  glass  etidp  tranemisslon 
line  accuuntod  for  about  0.2  Ub  of  the  insertion  loss  in  tho  transmission  path. 

F.  MICROWAVE  PHASE  SHIFTERS  AND  TIME  DELAYS 

1.  Genera?  Conaiderationa 

The  use  of  "electronically  switched  atretchere"  for  phase  shifting  was  dlecussed  in  TR-228, 
This  section  extends  the  TR-22S  discussion. 

If  one  attempts  to  electronically  control  one  or  more  of  the  transmission  line  paramciara 
to  change  tho  phase  conatant  (fi)  of  a  section  of  line  to  effect  a  change  In  electrical  line  length 
[Fig.  2-49(a)],  the  characteristic  Impedance  [Z^)  Is  also  generally  changed.  This  createa  an 
undeslred  mismatch.  However,  if  accllons  of  such  line  are  appropriately  used  [Fig.  2 -49(b)]  as 
arms  on  a  balanced  structure  as  a  hybrid,  a  net  cltangc  in  electrical  line  length  results  without 
Input  and  output  mismatches. 

The  design  problem  now  becomes  that  of  designing  low-lose  electronically  variable  ^  sec¬ 
tions  of  transmission  line.  There  are  probably  many  types  and  variants.  Some  nonlinear  ma¬ 
terial  properties  may  not  readily  be  oonflguiad  to  provide  360*  of  phase  shift  or  time  delay  de¬ 
sired  in  one  p  control  section.  Thuc,  cascading  hybrids  rather  than  control  sections  In  one  arm 
may  be  desirable.  The  choloo  of  discrete  phase  step  (digital)  or  continuous  phase  (analog)  shifters 
or  time  delays  will  depend  upon  system  application  and  requirements  as  well  as  materials  and 
technique  Ip.  p  control  section  fabrication. 

Table  2 -IV  la  a  chart  indicating  some  possible  devices  and  physical  phenomena  that  can  be 
employed  for  P  control  sections. 


TABLE  2-IV 

p  CONTROL  TECHNIQUES 

Con  trolled 
hy 

Ctreult  Peremetsr  Being  Controlled 

R  0  L  C 

E 

Diode* 

Diode* 

Ooi  tuba* 

Cryogenic 

Mfflleendueter 

Ionization* 

Variable  oopaclior 
diode 

Fcrreeleetrle 

H 

Mognetoreililance* 

Cryotron* 

Ferrite 

F 

_ 

Mfichoniixil  »hert 

_ 1 

*DI':eret«  phe««  ihift  treps. 


Fig.  2'48.  Prinfad-circult  lonflQuraMon  for  a  roeol\«r  laloctor  twitch. 
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Conductive  Claas:—  With  low  loss  ao  an  objective,  only  the  two  e)ttretne  values  vi  zero 
and  infinite  conductivity  are  of  intcrent.  Tbe  diode  phase  shifter  configurations  outlined  In  TR-EE8 
ai’e  of  Ihii*  type, 

Ferrinnagnetie  ClaaS!-  The  use  of  a  ferrite  transmlaslon  line  section  like  that  r  eported 
by  Stern*  for  a  switch  pppears  attractive.  The  ability  to  place  a  control  whidlng  and  water  cooi- 
i.ig  in  contact  with  the  ferrite  and  the  effects  of  Impedance  mismatch  suggest  Increased  poiver 
capability  and  reduced  temperature  sensitivity  ae  contrasted  to  many  existing  configurations, 

Ferroelectric  Class:-  The  loss  and  temperature  sensitivity  of  ferroelactrlcs  at  micro- 
wave  freciuencies  have  recentlj'  been  recelvlr-g  more  careful  attention.t  They  may  be  competitive 
or  better  than  ferrites  at  L-band  and  lower  frequencies.  Provision  of  control  power  may  be 
simpler. 


2.  Current  Investlgatinne 

Very  little  work  has  been  done  during  tlie  past  year  on  phase  shifters  for  receiver  applica¬ 
tions,  since  the  parallel-fed  multlbeam-formlng  matrix  discussed  in  TR-J-28  promises  vo  be  a 
better  solution  for  the  receiver  phasing  function  because  of  reliability  and  Insertion  loss.  How¬ 
ever,  hlgh-power  phase  ahll'tera  appear  to  be  a  better  solution  for  the  transmitter  for  reasons 
discussed  below. 

Two  transmitter  approacbea  are  Khovm  in  Fig.  2-50,  The  phasing  function  in  both  the 
inultlbearn-fortnliig  appi'uacti  and  the  uurpcit'al.u-fet>d  approach  La  ucuomplishad  by  separable 
phase  shifting.  Obviously,  In  both  approaches,  11.  Is  desirable  to  keep  the  number  'f  syatom 
elements  to  the  minimum  and  the  element  Itself  as  simple  and  reliable  as  possible.  Consider, 
for  example,  the  conoequonces  of  a  simple  slngle-st.'.go  terminal  amplifier.  This  means  that 
the  Input  ampllflor  power  should  be  high.  In  feet,  the  vow  amplifier  (N  In  number)  should  be  at 
least  as  large  as  the  terminal  amplifier.  The  consequence  of  these  arguments  leads  one  to  search 
for  methods  of  iiigh-p.ower  phuaing  (other  arguments  lend  to  the  saine  conclusion,  but  none  are 
known  which  support  the  opposite  ooneluaion). 

Further  examination  of  Ftg,  2-SO  shown  thnt  thn  htgh-twer  phasing  function  requirement  Is 
more  severe  in  the  muUlbeam -farming  approach  than  In  the  corporate-feed  approach.  The 
multiboam-formlng  approach  requires  a  routing  switch  and  a  multlbeam-formlng  matrix  which 
has  a  power-handling  capability  P.  The  corporate-feed  approach  requires  a  phase  shifter  with 
power-handling  capability  of  only  P/N.  Thus,  the  oorpornte-feed  approach  Is  oonsldered  the 
desirable  one.  Additional  considFrationa  In  favor  of  the  corp-osratc-feed  approach  are: 

(a)  It  is  easier  to  build  a  corporate  feed  to  handle  ijower  than  n 
muUibeam-formlng  matrix. 

(b)  As  N  Is  Increased  and  one  wishes  to  maintain  a  constant  P/N 
power,  the  routing-switch  power-handling  capability  and  empll- 
fler  output  must  Increase.  The  nlUiMuttlve  is  placing  booster 
amplifiers  at  appropriate  levels  (Fig.  2-!il(b))  in  the  multlboam- 
formlng  matrix.  A  slmilnr  type  uf  urgument  applies  to  the 
corporate -feed  epproech  (Fig.  2-81(a)]~  but  the  number  of  booster 
aniplifli.-rs  required  la  lens  than  In  the  multibeam -forming  approach. 


*E.  Stem,  "Foit  Ons-Kllameaacycte  Ferrite  Switch,"  Intsmotlonol  Solid-State  CIreulti  ConFerenee  Pracesdlnsi, 
Fhllodeiphia,  Penniyivania  (1961). 

t  "Invattigotlon  of  Microwave  Proeartiet  of  Parroeieetrlo  Motarloli."  Pepsrt  2733-1^,  UnIvanIty  of  Mlehlaon 
(March  1959). 
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In  view  of  the  above,  a  development  program  on  hlgh-power  phase  shifters  Is  under  way. 
Design  objectives  are  as  followo; 


Frequency 
Peak  power 
Average  power 
Phase  steps* 

Total  phase  tolerance 
Insertion  loss 
Bandwidth 
Heset  time 
Control  power 
Mass  production  price 

The  use  of  dioJes  and  ferrites  In  the  |8  co 
s  hject  of  parallel  Investlgattons. 


)L-hand 
20  kw 
200  wa*ta 
<6  bits  0./64) 

±3* 

Less  than  1.5  db 

1  to  10  per  cent 

Less  than  10  psec 

Less  than  20  watts  avei-age/bit 

Less  than  $100/blt 

!.  sections  of  these  phase  shifters  Is  the  cuiTent 


3.  An  Experimental  RF  Pliase-Shlftlng  Test 

One  binary  section  of  a  cascaded  hybrid -ring  phase  shifter  {see  TR-228  for  a  functional  ex¬ 
planation)  we.s  fabricated  with  teflon  glass  strip  transmisBlon  line  and  Microwave  Associates 
pill  varactor  diodes  (MA-47,SV).  The  measured  performance  was  as  follows: 


Frequency 
Insertion  loss 
Noise  figure 
Forward  bias 
Reverse  bias 


900  Mepa 
Loss  than  0.5  db 
Less  than  0.3  db 
2ma 
-4  volts 


The  performance  agrees  reasonably  well  with  calculated  results  (for  metliocl,  see  TK-228, 
p,  lOA).  A  closer  agreement  could  be  obtained  by  taking  into  aocount  the  strip  tranamlsslpn 
line  losses. 

A  ti'Bvellng-wave  strip  transmission  lino  coupler  Instead  of  a  hybrid  ring  should  liicraase 
the  operating  frequenoy  band,  permit  a  morn  compaot  package  and  raduos  the  atrip  transmission 
line  losses;  future  phase  shifters  will  use  this  configuration. 


*  Since  the  Initlotlen  of  thU  progrewn,  Teeis  hot  detirmlned  that  6  bih  ore  rwt  neceMory  for  the  deilsn  oppteaeh 
undsr  InvetMgatlon  by  Group  41  (leo  Port  2,  Ch.VIOi 
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CHAPTER  ffi 
RECEIVER  TECHNIQUEf; 


SUMf^ARY  S.  Spoerj'l 

Sevei'al  topics  in  phased  array  receiver  teclinlques  are  discussed,  beginning  with  a  short 
section  on  present  receive;'  packaging.  The  need  fcr  Including  uniform  limiting  eharacterlstlos 
in  the  receiver  closign  specifications  is  emphasized  in  another  section.  Additional  Bubjecta  cov¬ 
ered  ere  noise  figure  and  coherent  local  oscillator  noise,  and  an  array  application  for  the  idler 
frequency  generated  by  eloctron-baam  parametric  amplifiers. 

A.  INTRODUCTIOM 

This  chapter  proaents  some  remarks  about  the  general  topic  of  receivers.  The  observations 
are  based  on  expsTdnnce  obtained  v/lth  the  16-element  teat  array. 

A  phased  array  receiver  may  consist  of  a  large  number  of  identical  reooiver  cliannels  or 
strips  (if  complete  beam  formiiig  is  not  done  immediately  at  RF),  The  Individual  channel  deetgn 
must  take  account  of  physical  and  electrlcM  requlrenents  peculiar  to  the  particular  phased  ar¬ 
ray  applioatlon.  The  physical  design  is  Important  because  of  the  quautUy  of  equipment  involved. 
Section  B  discusses  the  receiver  packaging  philosophy  which  evolved  from  tost  array  experience. 

A  characterlatic  group  of  electrical  design  problems  aseoclateu  wHh  phased  array  receivers 
ia  baaed  on  stability  requirements,  A  premium  is  placed  on  phase  and  amplitude  stabtltty,  since 
phase  and  amplitude  errors  degrade  array  performance.  Assuming  that  aUbillly  with  tirae  k.as 
been  achieved,  Sec.  C  makes  a  case  for  requiring  uniformity  of  large  signal  or  limiting  perform- 
er.je  as  well. 

The  last  two  sections  are  based  on  the  use  of  auxiliary  phase  shifters  to  achieve  special  re¬ 
sults.  Section  t>  presents  a  way  of  reducing  th*  effects  of  coherent  local  osnillator  noise  without 
affecting  the  signal  performance  of  an  array,  end  Sec,  E  discusses  n  possible  array  application 
for  the  idler  frequency  {'•"•rated  by  most  parametric  ampllflsra, 

B.  PACKAOma 

The  ccimploxlty  of  a  phased  army  receiver  demands  that  apeclal  consideration  bs  given  to 
ease  of  inalntunence  and  component  replacement.  Component  and  system  flexibility  la  also  Im¬ 
portant,  espeolally  in  a  toet  facility,  since  system  requirements  are  often  quite  variable  in  na¬ 
ture.  A  rl{[ld  system  muet  be  used  an  Intended,  or  discarded,  whereas  a  flexible  system  may 
be  adapted  to  new  usee  with  a  minimum  of  rebuilding  and  new  construction. 

The  current  receiver  strips  for  the  test  army  are  divided  into  two  iei>arate  functional  aeo- 
tlona.  The  RF  amplifier  and  first  mixer  make  up  the  first  seotion  (Fig.  !■  11  of  Part  1),  and  the 
IF  amplifier,  second  mixer,  and  phaee  ihlfter  form  the  second  section  (Fig.  1-tZ  of  Pari  1). 

The  Individual  units  that  comprise  each  section  have  50-ohm  input  and  output  impedanoes  to  fa¬ 
cilitate  testing.  Power  is  supplied  to  each  section  through  a  standard  connector  which  then  dis¬ 
tributee  the  required  voltages  to  the  individual  units.  The  units  are  mounted  in  a  manner  tiutt 
permits  rapid,  one-side  removal  and  replacement. 

The  IF  amplifier  unite  provide  about  30  db  of  gain,  which  is  enough  tu  set  the  receiver  noise 
figure  without,  limiting  the  dynaiuic  range.  The  .SO-ohm  tnput/output  Impedance  permits  cas¬ 
cading  of  units  lor  more  gain.  Interuntt  filters  or  attenuators  may  also  be  included  if  desired. 
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Thn  receiver  first  IF  outputs  may  be  used  directly  or  ttiey  may  be  frequency  If-ansiated  to  «  sac- 
ond.  lower  intermediate  frequency  by  using  the  second  mixer  or  converter  units. 

C.  LIMITINQ  AND  DYNAMIC  RANGE 

Phase  ond  atiiplituOu  combining  errors  play  a  fundamental  role  in  the  determination  of  ptiasiid 
array  performance.  The  errors  con  be  aignlftcant,  especially  In  a  ayatetn  tiiat  Includes  active 
components  between  the  antennas  and  the  combining  or  beam-forming  matrix.  As  o  result,  at¬ 
tention  has  been  focused  on  the  design  of  phase-  and  amplitude -stable  array  compoioents. 

Implicit  in  the  usual  discussion  of  array  performance  Is  the  n.asumptlon  of  ilnear  operation. 

A  few  authora  nave  also  discussed  the  deliberate  nonlinear  operation  of  a  receiving  array.*  In 
this  case,  ideal  nonlinear  operation  (mathematical  or  infinite  clipping  without  sr.ro-crosstng 
shift)  is  usually  asaumed. 

In  both  the  ideal  linear  and  the  ideal  single-signal  nonlinear  cases,  the  array  antenna  patten 
is  independent  of  signal  level  if  any  arnpUtudrt  ianering  is  done  after  limiting.  The  gain  of  the 
array  on  the  beam  center  Is  primarily  a  function  of  the  array  aperture  (if  ttie  combining  errors 
are  not  Inordinately  large),  and  the  sidelohe  structure  is  a  function  of  the  taper  and  the  cotn- 
bin^ng  (phase  and  amplitude)  errors. 

T'l.p  performance  of  a  receiving  array,  with  amplll.  ;atlon  before  the  bcam-fermi.ng  com¬ 
biner,  is  difficult  to  determine  for  a  multltargut  or  cluttered  environment.  The  antenna  patte  .t. 
can  no  longer  be  considered  independently  of  signal  amplitude,  since  the  receiver  channel  tun* 
plifiers  may  not  limit  in  a  uniform  fashim  for  large  signals.  As  a  result,  phase  and  amplitude 
errors,  which  are  a  function  of  the  signal  level,  modulate  the  sldelobe  structure  of  the  basic 
array  antenna  pattern. 

The  net  effect  of  strong-signal  modulation  of  the  sldelobe  level  is  to  reduce  the  discrimint.- 
tion  between  targets  in  the  main  beam  and  those  outside  the  main  beam.  A  clutter  (or  jsim.ter) 
signal  which  would  norjti&lly  be  rejected  by  40  db  relative  to  a  signal  in  the  rnabi  beam  migit  bo 
suppreeeed  only  20  db  If  it  were  strong  enough  to  cause  severe  nonuniform  limiting.  Amp.Utude 
tapering  to  reduce  etdelobes  has  no  effect  on  the  strong-signal  modulation  effect  per  se  if  non- 
uniform  limittag  occurs  in  front  of  the  tapering  network. 

The  gain  (relative  to  isotropic)  of  a  single  antenna  element  imbedded  in  a  planar  arr.ty  Is 
roughly  6dbt  (for  0.5-wavelengtli  element  spacing).  A  typical  channel  amplifier  (e.g.,  electron- 
beam  parametric  amplifier  being  fed  by  the  antenna  element)  might  have  70  db  of  dynamic  range 
and  an  input  saturation  level  of  ~40dbm. 

A  1-kw  Jammer  with  a  10-db  gain  antenna  would  just,  saturate  the  receiving  array  i.mpllfiers 
at  a  range  of  about  10  miles.  This  result  is  independent  of  the  angular  position  of  the  jammer, 
provided  that  it  is  within  the  beamwldth  of  the  individual  antenna  element  pattern  in  the  rsoetVing 
array  configuration. 

The  example  given  above  shows  that  the  problem  is  not  too  serious  if  amplifiers  with  input 
saturation  levels  above  -40  dbm  are  used.  It  would  seem  prudent,  however,  to  adhere  to  the 
fol?uv'ir.g  design  guide  rules. 

(1)  Use  the  minimum  individual  channel  gain  (before  beam  forming) 
which  will  satisfy  other  design  requirements. 

*Fer  example,  •#*  F.C.  Ogo/  Jr.,  "Sfeareble  Army  Roden,"  Troni.  IRE,  PGMIl.  MIL-3,  80  (1931). 
t  See  Pert  3,  Ch.  I. 
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(2)  Use  ampV.irtara  with  n  large  dynamic  range  and  high  satisi'aUon  Ittval 
if  p  iasibli'. 

(3)  De  Agn  the  array  for  linear  operation  under  normal  signal  conditions 
biv  '.equirn  that  tua  limiting  ehpracteriatlcs  be  uniform  jin  addition 
to  ifie  usual  ivfiuirementa  for  phase  and  amplitude  stability). 

Jf  beam  fc.rming  is  ^ione  at  «  low  frequency,  or  if  tho  receiver  channels  are  speclflcaUy  de¬ 
signed  to  llinl.  at  low  8i|inal  levele,  it  is  probable  th/tt  the  receiver  channel  gain  will  be  quite 
high.  In  cone.iqueace,  thi  input  saturation  level  is  likely  to  be  quite  low  (-70  to  -lOQdbm),  and 
uniform  limiting  faecomei:  very  important  if  strong-signal  modulation  of  the  antenna  sidelobe 
levels  is  to  >  a  avoided. 

The  design  of  receiver  strips  which  track  in  phase  and  amplitude  over  a  wide  range  of  over¬ 
drive  (or  li!/!.itlng)  is  no  e.tsy  task.  For  this  reason,  If'  beam  forming  and  channel  limiting  be¬ 
fore  beam  orming  appear  to  bo  inappropriate  techniques  for  applications  involving  receiving 
arrays  in  )  osttle  or  cluttei  ed  environments, 

;3.  NOISl)  FIGURE  AND  iK'tMMON  LOCAL  OSCILLATOR  KQISS 

Prel  mtnary  to  a  dlscui.s  rvn  of  noise  figure  for  a  multiport  de'i'ice  such  as  a  receiving  array, 
it  is  '.veil  to  review  the  prop.'fties  of  a  hybrid  ring  when  used  as  a  power  combiner.  Such  an  ap- 
Ucatlnr  la  shown  in  Fig, 

Thr  sum  output  of  the  lij  b:;-id  is  regarded  as  the  useful  combined  output.  and  are  gen- 
■jia!  '  -7  with  available  power  outputs  of  and  P^.  respectively.  The  generator  internal  Imped- 
c;icii  .  .re  equal  to  the  imped!  iice  level  of  the  hybrid  so  tliat  all  the  generators'  available  power 
is  d  '  wvired  to  the  hybrid  rln( ,  The  available  power  output  of  each  generator  is  considered  to 
CO  It  I  of  two  components:  a  rmherent  component  S  which  is  produced  by  all  the  waveform  com- 
po'^iet  ta  common  to  and  Gj,  and  a  random  component  (N^)  which  is  Independent  of  (N^) 
t  /u  i:.  The  combined  (sum)  oi  tpul  is  23  +  (N^  +  N2)/2  or,  in  other  words,  rendota  input  power 
iver  tges  at  the  output,  This  r  (suit  can  be  generalised  for  an  n-input  hybrid  combiner  (corporate 
feed;  with  the  same  result  (Pig  In  this  figure,  any  surplus  of  input  power  over  output 

pov/er  is  dissipated  in  the  hybr'i-^  difference  port  terminations. 

Thus,  a  hybrid  combiner  ie  seen  to  be  loesless  (idealXy)  only  with  respeut  to  coherent 
(Id-jntlcal-waveform,  narrowbar.  t)  input  signals.  The  restriction  to  narrowband  input  signals 
is  required  because  of  the  bsndw'jdth  limit^tlcine  cf  the  hybrid  rings  (over  which  sufficiently  ac- 
Kiii't.  ’  8’  -'•mi'.j-  m  l  ■-■.iTerv,'-’ 'ng  occurs). 

1.  Noise  Figure  in  the  Absence  of  Coherent  Local  Oscillator  Noise 

If  the  properties  of  a  hybrid  combiner  (discussed  In  the  preceding  paragraphs)  are  kept  in 
nind,  it  is  a  simple  matter  to  obtain  the  effective  noise  figure  of  a  phased  array  receiver  which 
50,n8l8ta  ct  antenna  elements  followed  by  RP  amplifiers  and  a  hybrid  combiner.  It  Is  assumed 
that  perfect  matches  obtain  everywhere  and  that  all  noise  sources  are  independent.  Figure  Z-.t4 
is  a  block  diagram  of  the  receiver.  In  this  figure,  is  the  available  noise  power  from  an  Input 
termination  at  290 'K,  is  the  available  nnlse  contribution  of  an  amplifier  referred  to  its  input, 

Oj^  is  the  amplifier  cower  gain  (which  lnolude.e  any  tapering),  and  la  the  channel  noise  figure 
measured  with  any  tapering  pad  In  pl»cn  (If  the  taper  is  other  than  flat).  Since  all  noise  aouroes 
are  aasvimed  independent,  the  hybrid  combiner  presents  the  average  of  all  the  input  noise  i^wer 
to  the  output. 
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The  noise  power  out  of  any  channel  amplifier  is  slven  by  Of  this,  GjjN^  Is  the  am¬ 

plified  noise  from  the  input  termination  at  290 “K,  and  (Fj^  -  1)  Gj^Nj  is  the  noise  contribution  of 
the  amplifier. 

Tile  hybi'id  combiner  averages  the  noise  jiower  supplied  to  its  Inputv  (^Ince  all  noise  sources 
are  assumed  to  be  Independent).  The  aura  output  in  thus  given  by 


N  "  N  " 

k=l  k=i 


where  the  first  term  represents  the  noise  power  output  due  to  the  Input  terminations  at  290*K, 
and  the  second  term  is  the  noise  power  contributed  by  the  amplifiers. 

The  effective  nolsa  figure  of  tne  receiving  array  is  then  giron  by 
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The  effective  noise  figure  is  sser.  to  be  equal  to  the  weighted  average  of  the  Individual  ohKii* 
nel  noiae  figures,  where  the  weighting  factor  is  the  ratio  of  the  channel  gain  to  the  average  chan¬ 
nel  gain 
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If  the  cha.inel  gains  are  all  equal  (identical  amplifiers  and  flat  amplitude  tapsr),  than  the 
noise  figure  is  given  by  .ha  simple  average  of  the  individual  channel  nolsa  figures. 

For  the  case  of  Identical  channel  noise  figures,  tlie  sffsotlvs  array  noise  figure  le  seen  to 
be  independent  of  the  antenna  smplltude  taper. 

9.  Coherent  Local  OsolUator  Noise  in  a  Pbaeed  Array  Ztaoelver 

The  local  oscillator  (LO)  signals  required  by  the  mixers  in  a  phased  array  receiver  are 
ueuAlly  derived  from  a  single  IX)  touroe  end  distributed  to  the  mixers  through  a  oorporaie  feepl. 
This  arrengement  opens  the  poeelbiUty  for  noise  oomponents  the.t  are  within  the  nF  signal  band¬ 
width  of  receiver  strips  to  be  Introduced  vlu  the  LO  pc-rtp  of  the  mteerc  ir  s  .-oherent  manner. 
I'Kas,  the  discussion  of  the  preceding  section,  tirhere  it  was  aenumed  that  all  noise  souross  were 
independent  random  noise  generators,  duos  not  apply. 

Figure  i-i6  ahowa  a  pltased  array  receiver  that  hae  a  mixer  in  every  channel,  followed >by 
two  separate  phase  shiflers  (for  convenience  in  the  onalyais)  and  a  aummatiou  network  (vomklner} 
that  forms  a  receiving  beam.  All  phase  stiltts  are  shown  relative  to  the  oorrasponding  point  in 
a  reference  channel,  channel  0,  which  Is  not  part  of  the  array.  In  Fig.  2  -55,  ir  is  the  (adjacent 
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channel)  phase  increment  due  to  signal  energy  arriving  from  a  general  angle  ip  messured  iram 
boreaight,  y  la  the  phaae  increment  introdrred  to  steer  the  beam  to  a  desired  position,  and 
Is  an  arbitrary  (for  the  present)  phase  shift  Introduced,  in  the  k‘^  mixer's  local  oscillator  port 
as  well  as  Its  IF  output  port,  A  typical  receiver  ehatmel  (the  ,k*^)  is  displayed  in  Fig.  2-56,  which 
allows  the  phase  veciors  in  exponential  form,  where  the  phact)  at  corresponding  points  in  the  ref¬ 
erence  or  0  channel  are  taken  as  the  respective  references.  Since  the  IjO  frequency  is  lower 
than  the  signal  frequency,  the  phase  of  the  IF  output  of  the  mixer  Is  given  by  IF  phase  •>  signal 
phase  -  tuC)  phase.  In  the  case  of  the  mixers  shown,  the  phase  of  the  IF  output  due  to  a  signal 
introduced  at  the  signal  port  Is  Independent  of  the  phase  shift  which  in  introduced  at  both  the 
1X3  and  IF  ports.  However,  a  signal  Introduced  from  the  LO  source  (or  LO  noise  In  the  signal 
frequency  band  which  can  beat  with  the  LO  to  produce  frequency  components  within  the  IT  band¬ 
pass)  arrives  at  the  mixer  with  a  phase  shift  hence  it  looks  Uko  a  signal  tn^oduced  at  the 
signal  port  with  relative  phase  The  It>‘  Input  to  the  combiner  will  thus  be  e  ** 

Introducticiii  of  the  p  phase  shifters  is  seen  to  be  a  means  of  modifying  the  phase  of  the  IF 
output  due  to  signals  (or  noise)  introduced  through  the  LO  source  while  leaving  legitimate  sig¬ 
nals,  which  enter  the  mixer  tlirough  the  signal  ports,  unaffected.  In  particular,  the  P'b  seleoted 
can  be  thought  of  as  steering,  or  spreading,  the  coherent  1X3  noise  so  thst  it  forms  an  equivalent 
Kpatial  noise  pattern  similar  tc  an  antenna  pattern.  This  noUe  is  equivalent  to  a  distribution  of 
excess  noise  in  space.  As  the  receiving  beam  Is  steered  tlirough  the  use  of  the  y  pliase  shifters, 
the  coherent  LO  noise  appearing  at  the  beam  output  will  vary. 

The  equivalent  spatial  noise  distribution  can  be  thought  of  as  scanned  by  the  Signal  sntenns 
pattern.  This  suggeiita  iliai  the  p  piiase  shifters  Should  be  86t  to  such  values  which  minimise 
the  amplitude  of  the  tiolse  pattern  in  the  field  of  view  of  the  arrsy,  This  would  occur  if  the  noise 
beam  were  steered  to  endfire  in  the  case  of  an  array  with  ±45*  scan  from  boreaight.  If  the  an¬ 
tenna  elements  were  spaced  0.5X  apart,  this  would  require  P^  °  0*  for  k  odd  and  a  fgo’  for 
k  ev^in. 

The  mixers  in  an  actual  array  will  probably  not  have  equal  phase  lengths  from  the  :LO  ports 
to  the  mixer  crystals  because  of  LO  injection  (coupling)  serews  which  may  be  set  differently  for 
each  mixer  in  order  to  compensate  for  variations  In  the  crystals.  Also,  the  LO  path  lengths 
from  the  ]LO  source  to  the  individual  mixers  may  not  be  identical.  The  P  phase  shifts  must  be 
compensated  for  those  errors. 

ii  differential  pitase  errors  are  Introduced  between  the  antennaa  and  the  signal  ports  of  the 
mixers  (which  is  especlal.ly  likely  if  HF  amplifiers  are  used)  end  these  errors  are  compeiisated 
out  at  IF,  then  the  coherent  LO  noise  pattern  will  be  modified. 

In  the  usual  array,  the  p  phase  shifters  are  not  introduced.  This  would  plane  the  noce  of  the 
noise  beam  at  boreaight  If  there  were  no  differential  phaae  errors.  However,  it  la  to  be  expected 
that,  due  to  the  probable  existence  of  errors  such  ae  thoee  mentioned  above,  the  actual  noise 
pattern  may  Iwve  its  main  peak  off-boreslght  with  rather  high  sidelubes. 

It  ie  a  simple  matter  to  determine  the  actual  noiee  pattern.  A  signal  may  be  introduced  to¬ 
gether  with  the  LO  at  the  LO  source.  This  signal  will  then  simulate  coherent  LO  noise  (at  a 
single  frequency)  and  can  be  set  to  provide  a  convenient  ou.put  level  from  the  beam  output.  As 
the  array  is  electronically  scanned  through  the  use  of  the  y  phase  shifters,  the  beam  output  due 
to  tt»  artificially  introduced  "noise"  signal  will  vary  in  the  same  mannar  at  the  true  coherent 
noise  but  at  a  higher,  more  convenient  level.  If  the  signs!  is  then  removediand  the  noise  pattern 
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exhibits  peeks  lu  the  same  pleeea  as  the  signal,  then  l!ie  ooherer't  T.o  nol,so  Is  known  to  he 
significant.  If  the  noise  exhibits  no  apparent  variation  with  scan,  the  coherent  noise  must  be 
ma.ekttd  by  independent,  locally  generated  noise. 

The  experiment  wtn  performed  on  the  IS-eleiner.t  test  array.  A  900-Mt;pH  signal  was  added 
in  with  the  870-Mcp8  LO  nt  the  I.O  source,  and  the  pattern  sketched  in  ?ig.  2-57  was  observed 
as  the  array  was  electrotilcally  scanned.  A  eubsequeiit  searcli  for  a  similar  pattern  clue  to  noise 
alone  revealed  no  noticeable  rrriatlon  In  the  noise  pattern  as  the  array  was  scanned.  This  Indi¬ 
cates  that  coherent  noise  is  not  a  pi  oblem  in  thla  particular  array. 

in  an  array  which  uses  balanced  mixers,  an  improvement  of  some  20  db  in  signal-to-lO-nolse 
ratio  is  achieved  over  what  would  itavc  obtained  if  single-ended  mixers  had  been  used.  This  is 
attributable  to  the  balanced  structure  of  the  mixers  which  cau.ees  signsls  and  noise  that  enter 
through  the  TjO  port  to  cancel  at  the  IP  output.  The  efficacy  of  the  cancellation  la  dependent  on 
the  degree  of  balance  In  the  mixers. 

A  "bonus"  lmpi‘ovem''nt  In  signal-to-ccmmon-LO-uoloe  ratio  can  be  realized  If  the  LO  Inputs 
to  all  the  mixers  are  adji  ited  to  be  in  -'base.  Since  the  imbalance  in  the  mixers  is  random,  the 
IF  outputs  due  to  LO  noise  will  be  either  m  phase  or  out  of  phase  with  reapeui  to  eaoii  other.  For 
0,5\  element  spacing,  this  will  tend  to  form  an  endfire  noise  boam  as  dlscuseed  earlier.  (In  the 
case  of  balanced  mixers,  the  p  please  shifters  arc  all  equal  to  0  for  U.5X  element  spacing,  pro¬ 
vided  care  is  taken  with  the  TO  corporate  feed  so  tliat  it  dues  not  Introduce  appreciable  differen¬ 
tial  phase  shifts.) 

3.  CoiicUtslons 

The  noise  in  a  pttasod  array  receiver  can  be  divided  into  two  categories.  The  first  is  in¬ 
coherent  and  represents  the  effect  of  ell  the  independent  random  noise  sources.  The  effect  of 
the  incoherent  noise  can  be  included  in  an  effective  noise  figure  for  the  ar.ray,  which  is  given  by 
the  average  of  the  noise  figures  of  the  individual  receiver  channels  (assuming  a  flat  amplitude 
taper  and  equal  receiver  gains). 

Tbi>  aeoond  nolae  category  comprises  coherent  noise  or  noise  that  is  net  independent  from 
charnel  to  channel  In  the  arritv.  This  noise  orlglnatee  In  a  single  source,  the  local  oscillator, 
and  ia  itAroduced  into  each  ch^  •.-jel  via  the  LO  corporate  feud. 

i  oohsren'  noise  is  slgnitu'ani,  as  it  may  bn  in  certain  frequency  regions  because  at'  the 
ty.':  ',is  of  local  o  .'Ulsters  tha<  ni  2  avB.l.table,  It  con  be  oontroUed  by  controlling  the  LO  phase 
applied  to  eaol  /ilxer.  In  ps:.ttlcular,  the  LO  noise  cun  be  made  to  appear  ae  a  noise  beam 

po,  .ited  at  endfiro  of  the  av;'  •  . 

Balanced  mixers  can  be  used  to  provide  a  nominal  20  db  additional  re,'|octlon  of  the  coherent 
noise.  They  are  also  attractive  beenuse  any  noise  which  does  got  through  due  to  mixer  Imbalance 
will  tend  to  appear  at  endfiro  if  a  few  precautions  are  observed  in  building  the  array. 

£.  SOME  IMPLICATIONS  OF  THE  SYMMETRY  PROPERTIEfl  OF  THE  ELECTRON- 

BEAM  PARAMETRIC  AMPLIFIER  FOR  PHASED  ARRAY  APPLICATIONS 

Thie  section  is  bAAod  upon  a  discussion  of  the  basic  symmetry  properties  of  the  electron- 
beam  parametric  amplifier  (EBPA)  by  Dr.  Robert  Adler,*  An  attempt  is  made  hero  to  outline 
some  special  implications  of  this  device  for  phased  array  applications. 

*R.  Adlsr,  "dlecIron-Beam  Peromstrlc  Amplifier  with  Synchronoui  Pumping,”  Prar..  Sympotlum  on  the  ApfHeatjen 
of  Low  Noils  Rsostvsri  to  Redor  and  Alllsd  Equiumsntr  Voi.  Ill  (LI],  Lincoln  Laboratory,  M.l.T.  (Novsmbsf  IMO), 

pp.  177-197,  ASTIA  248f92. 


It  is  as;iumod  that  an  EEPA  haa  been  Included  in  each  channel  of  a  pliaaed  array  to  aerve  the 
function  of  a  low-noiae  yet  highly  stable  (gain  and  phase)  ampUfier.  These  EBPA's  are  to  be  fol¬ 
lowed  by  filters  which  separate  the  signal  and  idler  components  of  the  EBPA  outputs. 

The  EBPA  produces  a  signal  output  whose  pirns*  la  independent  of  pump  phase,  In  addition, 
an  Idler  output  Is  generated  whose  amplitude  la  within  a  decibel  of  the  signal  output*  and  whose 
phase  is  given  by  =  ^’punjp  “  ^signal'  'fs^uency  Is  ordinarily  selected  to  pro¬ 

vide  enough  frequency  separation  between  the  signal  and  the  Idler  so  that  these  can  be  separated 
from  each  other  and  only  the  signal  outputs  used. 

A  conventional  array  wr.jld  utilize  only  the  signal  frequency  outputs,  combining  these  In 
some  fashion  to  form  the  receiving  beam  or  beams.  It  Is  proposed  here  to  combine  the  Idler 
outputs  also,  and  then  to  observe  what  happens  as  synchronous  operation  of  the  EiBPA's  is  ap¬ 
proached  (fp^^p  :=  SO 

A  block  diagram  of  a  phased  array  • -f.cclver  using  electron-beam  parametria  amplifiers  is 
shown  In  Fig.  2  -!)8.  Clianiiel  0  is  not  part  of  the  array  but  Is  Innlndod  as  »  phase  reference  In 
order  to  simplify  the  mathematics.  The  oepai'atlon  of  tikC  signal  and  Idler  components  Is  depicted 
symbolically  as  occurrlrig  Immediately  after  the  EBPA’s.  This  Is  a  conceptual  simplification; 
the  actual  separation  could  as  well  be  performed  at  the  output  of  a  single  beam-forming  matrix 
such  as  the  Butler  matrix.'^  In  such  case,  the  a  phase  shifts  encountered  by  the  signal  and  Idler 
components  could  differ  slightly  because  of  dlfferunce  In  frequency.  The  difference  can  be  kept 
small,  however,  by  keeping  the  frequency  separation  of  the  algna'J  and  the  Idler  small, 

Let  the  signal  at  e  tenna  element  0  [the  reference)  be  e^*^  a  1;  then  at  the  k*'^^  element  It  Is 
g.lko  signal  output  of  the  k^*'  EBPA  will  also  be  If  the  amplifier  gain  is  Ignored.  The 
Idler  output  of  the  k^^  EBPA  will  be  Both  signal  and  Idler  encounter  the  steering  phase 

shift,  which  Is  for  the  channel.  The  output  of  the  signal  beam  nomblnor  ta  thus 

n 

^  ^jh(i7+«)  pointed  at  — «)  , 

k=l 

and  that  of  the  Idler  beam  combiner  Is 
n 

Bj  =  2!  (beam  pointed  at  p  +  «)  , 

k=l 

where  a  sum  of  the  form  £  can  be  expressed  In  the  familiar  form 

k=l 

alnnx 
n  slnx 

o'  car.  be  replaced  in  the  above  expressions  by  (ISO'/e)  (dA)  sint  (where  {  la  the  spatial  scan 
angle) , 

'I'he  above  expressions  show  that  the  Idler  beam  can  be  positioned  arbitrarily  by  introducing 
a  suitable  pump  phase  slope  fi,  Once  this  is  chosen,  the  8ign,tl  and  Idler  beams  move  In  opposite 
directions  in  response  to  the  steering  phase  slope  a. 


*For  EBPA  gain  >10dh. 
t  Dlicwisd  by  Delaney  In  Pa't  2,  Ch .  I . 
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Fig.  2-58.  Block  diagram  of  pkojod  array  racelvor  uilng  aUciron-bootn 
paramafrie  ompllflart. 
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If  iL  Butler  matrix  were  uaed  following  the  EBFA's  and  the  matrix  beam  outputs  were  pro¬ 
vided  with  separation  filters  to  separate  the  sigmii  and  idlsr  beams,  a  set  of  aignal  beams  would 
be  farmed  as  usual,  however,  a  sot  of  idler  beams  would  alao  be  formed  which  could  be  posi¬ 
tioned  halfway  between  the  slgnul  beams  through  the  choice  of  a  suitable  fi  phase  slope.  If  the 
matrix  output  porta  were  denoted  by  l-j-Ij  (l^  boomwidths  left),  41.,  jR,  l^R,  etc,,  to  express 
the  normal  or  signal  beam  po,e!tions.  the  idler  beams  formed  at  these  ports  would  be  ?.H,  IR, 
boreslght,  IL,  etc,,  reupectively.  when  jR  is  set  to  yield  a  boresight  idler  beem  through  proper 
setting  cf  the  ff  phase  shtf*era. 

Figure  2-59  shows  the  main-lobe  locations  Of  an  8  (signal)  beam  Butler  matrix  and  tlie  cor¬ 
responding  Idter  beam  locations  if  |R  is  caused  to  yield  an  idler  beam  at  boresight.  Whereas 
the  signal  beams  cross  over  at  the  Z/n  points  permitting  a  possible  signal  loss  of  4db,  the  com¬ 
plete  set  of  Idler  and  signal  beama  crosses  over  at  the  0.9  amplitude  points  corresponding  to  a 
lose  of  lean  than  1  db.  The  Idler  compononte  also  provide  the  Butler  matrix  with  a  boresight 
beam. 

The  preceding  dlucvssion  iuva  doalt  witti  iiie  uau«  wimre  ttm  signal  and  Idler  outputs  of  the 
r.BPA's  are  eventually  separated  from  each  other  through  the  use  of  separation  filters  or  branch¬ 
ing  filters.  It  is  also  possible  to  ohuoes  a  pump  frequency  such  that  the  signal  and  idler  outputs 
are  sufficiently  close  in  frequency  (or  the  following  bandpass  sufflolontly  wide)  so  that  they  re- 
iv,*!,"  unseparaie.d  from  each  other. 

For  u  given  pump  phase  slope  0  and  steering  phase  slope  a ,  the  positions  of  ths  signal  and 
idler  beams  are  determltied  relative  to  the  spatial  scan  angle  i  .  The  magnitude  of  the  signal 
response  due  to  an  Incident  wavefront  originating  from  a  particular  dlroctlon  $  la  given  by  the 
height  of  the  signal  beam  pattern  at  that  an^le.  Bet  this  magnitude  be  denoted  by  5!  a  Sit).  Then 
the  instantaneous  signal  output  Is  ReOc^*^**),  which  may  be  represented  by  the  vertical  projection 
of  a  vector  of  length  S  which  rotates  at  angular  V9ljwl|y  (signal  angular  fntquency).  In  a  sim¬ 
ilar  fashion,  the  instantaneous  idler  output  in  R*(li«^  ^ ),  which  may  be  repreBcnted  by  the  ver¬ 
tical  projection  of  a  vector  of  length  I  which  rotates  at  angular  velocity  w,  (Idler  angular  fra-  , 

*  JW«t 

quency).  The  actual  instantaneous  voltage  output  Is  the  sum  of  signal  and  Idler  or  Re(Se  ”  )  H- 
He(Ie^"i^)  *  Re(3e^"**  +  Ie^"‘*).  This  may  be  represented  an  shown  Ivi  Fig,  2-60,  whore  6  Is  the 
inetantaneoua  angle  between  idler  and  signal  vectors  and  is  given  by  0  >  2>t,  where  A  ■hi|  -  w.. 

R  la  the  resultant  of  signal  and  idler  as  a  function  of  0  and  Is  given  by  R  ■  (S^  +  I^  +  231  cos  0)1  • 

S  +  1  cos  6  for  S  »  I. 

For  email  A  (algiial  and  Idler  frequenclee  close  together),  the  angle  9  varies  slowly  oom- 
pared  with  ot-  so  t)i«t  the  resultant  R  can  be  thought  of  as  the  envelope  of  the  combined 
aigiul  plus  Idler  output,  U  the  variable  B  °  At  is  rsplaoud  by  d  ■  dlstauoe  from  the  load  In  s 
transmission  line  analogue  (d  Is  measured  In  units  of  Zn  times  the  distance  In  wavelengths),  then 
the  signal  response  3  becomes  the  incident  wave  and  the  idler  response  1  becomes  the  reflected 
wave.  In  other  words,  the  envelope  of  the  signal  plus  idler  output  as  a  funutlon  of  time  has  the 
form  of  a  ittandlng-wave  pattern  on  a  tranemleslon  line.  If  the  received  wavefront  arrives  at 
the  array  from  such  an  angle  that  S  is  equal  to  I  (an  angle  halfway  between  the  algnal  and  idler 
beams),  then  the  envelope  pattern  will  be  ths  same  as  the  standing-wave  pattern  on  an  open- 
circuited  tranomlseion  line  (l.e.,  maxima  =  21  =  2S,  and  minima  =  0). 

Operation  of  the  array  with  signal  and  Idler  unseparated  Is  thus  seen  to  provide  a  form  of 
automatic  monopulse  for  pulses  of  sufficient  duration  to  provide  several  minima  in  the  output 
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Fig.  2-60.  Vector  dlagrom  ihowtng  relatlonihip 
biptwc^  clfnnt  onrl  Idler  civnfMMiiintc  nf  n  Buflsr 
matrix  bsom  output. 


envelope.  The  period  of  the  minima  la  2*/a,  where  ri  «  uij  -  ui^,  or  t/(fj  -  fg),  where  fj  i>  Idler 
frequency  and  f^  =  signal  frequency. 

If  lliH  frequency  separation  between  signal  and  Idler  Is  made  smaller  and  smaller,  the  time 
scale  of  the  envelnpe  varlRtion  Is  etretched  until  finally  for  f|  »  f^  there  can  exist  at  moat  a  fixed 
phase  angle  ft  between  the  signal  and  idler  vectora.  This  phane  angle  if  le  dependent  on  the  rel¬ 
ative  phase  between  the  half  pump  frequency  and  tho  received  elgnal  at  the  reference  or  0  channel 
of  the  array.  (This  non-time-depcndent  phuoe  term  wae  neglected  up  to  now  because  it  oan  be 
made  zero  by  a  suitable  ctiolce  of  the  time  reference  t^  Implied  In  the  tlrne-varylng  expresHions.) 

The  case  whore  fj  =  f^  arises  from  synchronous  pumping  of  the  EBPA'eifp  »  The  com¬ 
bined  signal  plus  Idler  output  is  now  of  constant  amplitude  corresponding  to  a  fixed  point  on  the 
"standing -wave"  envelope  of  the  acynchronoua  mode  of  operaiion.  The  location  of  thia  point  la 
dependent  on  the  fixed  phase  shift  f>.  Thus,  anything  from  the  sum  to  the  difference  of  the  sig¬ 
nal  and  Idler  beam  patterns  cun  be  obtained  by  varying  if. 

If  la  the  transmitted  signal  froqurncy  and  f^^  la  made  equal  to  Zf^,  then  the  received  sig¬ 
nal  may  be  of  frequency  +  f^  because  of  a  Doppler  shift  The  EBPA's  will  then  produce  the 
''standing -wave  pattern"  of  combined  signal  plus  Idler,  but  the  period  of  the  minima  will  now  be 
1/f,. 

This  discussion  has  been  concerned  with  the  properties  of  a  receiving  phased  array  with 
electron-beam  parametric  amplifiers  in  each  channel.  However,  it  applies  as  well  If  the  EBPA’s 
are  replaced  by  any  device  which  generates  an  idler  irequency  within  its  signal  pass  band. 


CHAPTER  IV 
LOW-NOISE  AMPUPWRS 


SUMMARY  W.  .V  incc 

Chapter  IV  protoiits  the  most  recent  work  on  the  phased  array  project  in  the  area  of  low- 
noise  ampltflnrn.  This  work  falls  Into  two  cateKories:  an  evaluation  of  the  application  of  tunnel 
diodes  to  low-nolsa  amplification  and  frequency  conversion  (Sec,  A),  and  continuation  of  Interest 
ill  the  Adler  electron-beam  parametric  amplifier  (Sec.  B).  Although  the  electrical  performance 
of  the  electron-beam  parametric  ainpllfier  Is  extremely  good,  the  package  else  lenves  something 
to  be  desired;  also,  HP  pump  power  la  required  for  operation.  BecauHio  of  its  simplicity  and 
small  power  requlreinents.  the  tunnel  diode  may  prove'to  be  a  pow.'rful  competitor  despite  In¬ 
ferior  electrical  performance,  particularly  with  respect  to  noise  figure.  The  development  of  an 
L-band  tunnel  diode  amplifier  Is  described,  and  the  direction  In  which  this  effort  will  contlrrun 
Is  Indicated. 

A.  INTRODUCTION 

The  use  of  tunnel  diodes  in  amplifiers  and  frequency  converters  for  phased  array  rariare 
has  considerable  attraction  from  the  point  of  view  of  cost  and  simplicity,  Semiconductor  devices, 
operated  within  their  opacified  ratings,  are  inherently  lung  lived  and  would  reduce  down-time  of 
the  receiver.  Power  requirements  are  small;  tunnel  diodes  typically  used  as  ampllfiera  have 
peak  currents  in  the  order  of  1  or  2  milliamperes.  Gain  is  uuhluved  by  use  of  the  negative- 
reBistance  portion  uf  the  dlnde  T.V  characteristic.  Due  to  the  high  doping  levels  used  in  the  man¬ 
ufacture  of  tunnel  diodes,  they  are  relatively  insensitive  to  ambient  temperature  variations,  and 
compared  with  transistors  they  are  resistant  to  uhangea  in  electrical  aharanterlstlea  caused  by 
nuclear  radiation. 

An  evaluation  of  tunnel  diode  smpllfi.irB  is  currently  being  made.  The  emphasis  ia  on  atrip 
transmission  line  configurations  because  of  the  good  raproduoibillty  at  reasonable  cost  which 
this  type  of  fabrication  ollowa.  The  design  center  frequency  of  900 Mops  has  been  chosen  so  that 
completed  de.'iigns  may  be  installed  in  the  linear  array  test  facility  for  aysiems  operation.  Also, 
this  frequency  is  sufficiently  below  the  cutoff  frequency  of  commercially  available  microwave 
tunnel  diodes  to  obtain  useful  gain  and  noise  figures. 

Some  diode  parameter  measurements  have  been  made.  The  objective  was  to  obtain  diode 
admittance  aa  a  function  of  frequency  for  the  purpose  of  empllfipr  design  rather  than  for  the  es¬ 
tablishment  of  an  exact  equivalent  circuit.  A  bridge  method  was  used,  and  the  meaeurements 
were  checked  against  admittance  measurements  by  using  s  alotted-llnc  technique.  Complete, 
packaged  tu,uiel  dloda  amplifiers  have  been  purchased  from  two  commercial  organizations  end 
two  of  these  amplifiers  are  undergoing  evaluation  in  the  laboratory. 

A  preliminary  evaluation'’'  showed  that  the  electron -beam  parametric  amplifier  warranted 
furt.her  interest  and  development.  This  work  has  been  done  on  a  subcontract  basis.  Attention 
has  been  paid  to  mechanical  construction  and  reductioa  of  the  pirmp  power  requirement  by  im¬ 
proving  the  coupling  arrangement.  A  number  of  these  amplifiers  will  soon  be  Installed  and  op¬ 
erated  in  the  linear  array  test  facility. 

*  J.  L.  Allen,  et  cl.,  "Phoied  Array  Radar  Studies,  1  July  J9S9  to  I  Ji.ily  1960."  Tschrilool  lUsoit  No.  228  {u], 
Ll.icoln  Loborctery,  M,  I.T.  (12  August  1960),  ASTIA  249470,  H-335, 
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B.  TUNNEL  DIODES 


Tunnel  Diode  Amplifiers;—  Two  possiUe  conflgurntiona  that  have  been  conaMored  are  the 
two-diode  hybrld-couplod  amplifier  and  the  eingle-diode  circulator-coupled  amplifier.  Of  these 
two  reflection-type  amplifiers,  the  circulator-coupled  coufiguration  has  more  desirable  properties. 

Hybrid-Coupled  Amplifier*:—  Figure  2-61  shows  a  hybrid-coupled  amplifier  which  requires 
two  matched  diodes,  connected  at  ports  2  and  3,  respectiveiy.  Unlortunately,  this  arrangement 
is  reciprocal,  and  enhanced  gain  ia  obtained  if  mismatches  occur-  simultaneously  at  the  load  and 
input  ports.  For  well-matched  diodes,  it  can  be  showni'  that  the  power  gain  is  equal  to 

whore  \p\^  is  die  power  gain,  and  p^  are  the  voltage  reflection  coefflclonta  at  the  input  and 
output  ports,  respectively,  and  e  la  an  arbitrary  phase  shift  througli  the  liybrld.  It  uku  bo  seen 
that  tho  gain  Is  very  sensitive  to  the  product  particularly  for  large  values  of  p.  In  order 

to  ensure  stabllUy  a),  nil  frequencies,  the  condition 

IpI^  Ip^I  tp4l  <  i  (2) 

must  be  satisfied.  In  a  receiving  systein,  the  input  (antenna)  VSW'R  could  easily  be  as  much  aa 
2.1.1  Further,  a  gain  of  about  20db  ia  a  reasonable  requirement  for  an  L-bund  amplltisr.  Hence, 
the  load  V.'lWR  would  have  to  be  less  thsn  l.Ot ,  This  Is  a  stringent  demand  in  a  phased  array 
whore  relative  phase  and  amplitude  between  receiver  ohannols  is  Important.  Equally  important 
it  the  fact  that  Input  and  output  mlsmatchee  have  a  detrimental  effect  on  the  noise  figure.  The 
effective  input  noise  temperature  T  of  -ihe  amplifier  la  given  hyl  T  m  T^^  -f  i  Pj  |  ^  P^  (T^^  Tj^), 

where  T^  is  the  minimum  effective  input  noise  temperature,  and  ia  the  noise  temperature  of 
the  load.  From  these  c  v'vsiderationa  it  is  concluded  that  the  hybrid-coupled  amplifier  la  un  > 
suitable  for  application  aa  a  low-noise  L-band  amplifier. 

Circulator-Coupled  Amplifier;-  The  circulator-coupled  amplifier  ia  shown  in  Figs.  2-62 
and  2-6?.  A  tunnel  diode  is  connectod  to  poi*t  2  of  a  Y-eirculator,  and  the  generator  and  load 
are  connected  to  ports  1  and  3,  respeetlvely.  For  this  configuration,  the  condition  for  stability  is 

IpiMpjMPjI  <1  ,  (3) 

where  pj  and  p ^  are  the  rofloctlou  coefficients  et  the  respective  oiroulator  porta,  a.id  \pj^]^  Is 
the  power  gain  of  the  tunnel  dloda.^  This  condition  le  much  more  easily  met  than  the  oorrespomi- 
ing  one  for  the  hybrivt  amplifier  expressed  in  Eq.  (1).  Also,  the  oiroulator-ooupled  amplifier  is 
nonreciprocal.  Isolation  between  output  and  input  is  provided  by  the  circulator. 


*  J.  J.  Sis,  "Abiolutsly  Sfobls  Hybrid  Coupisd  Tunnel  Diode  Amplifier,'*  Proc.  IRE^,  321  (I9M). 

t  J.C.  Greene,  •>  d.,  "Elghlh  Quarterly  Froatu  Rencrt  on  the  Application  of  Ssmlcooductor  Diodei  to  Low 
Nolle  Ampilfleri,  Henronle  Generoton  end  Fait-Aetlng  TR  SwUohw,"  Report  Ne.459P*l“S,  Airborne  Imtrwmsnli 
Leboretory,  Inc.  (June  1960). 

«Se«  Puts,  Ch.  I. 

§M.  E.  Hlnet,  “High  Frequency  Nsootlve  Rsilitones  Circuit  Prinolpivt  for  EhI(I  Diode  AppiisatleiH,"  Beil  Syitom 
tech.  J  (Mey  tWO). 
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Experimental  Heaults;—  The  tunnel  diodes  used  In  the  experimental  work  were  S;,'lvania  IMliSA 
anti  General  Eleotilc  ZJ62-2.2A  types  which  are  encapsulated  in  the  pill-type  package.  These 
diodes  are  used  well  below  their  resistive  cutoff  and  self-reaonani;  frequencies,  where  the  equiv¬ 
alent  circuit  transformation  of  Fig.  2-64  is  applicable.  |G|  is  approximately  equal  to  and 

jBl  is  comparable  to  |oj  (see  Fig.  2-7t). 

The  power  gain  is  given  by* 

(G  +  |Gh^  + 

P  - - > - -  • 

(G^-  iGir  +  B‘- 


Hence,  for  maximum  gain  it  le  necessary  to  tune  out  the  diode  susceptsnce.  An  amplifier  ex¬ 
perimental  setup  is  shown  in  Pig.  2-65,  and  a  clrculator-ooupled  amplifier  in  Fig.  2-63.  A  close- 
up  ol!  the  amplifier  and  Its  diode  is  shown  in  Fig.  2-66, 

Since  the  characteristics  of  e  circulator  arc  very  frequency-sensitive,  it  is  preferable  to  use 
a  20-db  coupler,  which  Is  usable  within  at  least  an  octave  bandwidth,  to  provide  the  necessary  di¬ 
rectionality  during  the  initial  testing  of  the  atrip  trensniisslon  line  circuit.  The  gain  of  the  am¬ 
plifier  was  about  i6db,  the  bandwidth  was  14  Mops  and  the  best  noise  figure  was  Sdb.  The  am¬ 
plifier  saturates  at  approximately  — 40dbm.  A  curve  of  the  gain  vs  diode  bias  is  showninFig.  2-67. 

Two  commercial  amplifiers  (Mloroatate  NTAC  900)  have  been  obtained  for  evalualion.  Their 
apeaiflcationa  are: 


Frequency 
Bandwidth  (3  db) 

Gain 

Noise  figure 
Saturation  level 
Bias  voltage 
Relative  phase  stability 


900Mcps 
50  Mops 
i7db 
4  to  4^db 

(1-db  oompresslon)  -37dbm 
llOmv 

S2*  instantaneous  or  long-term  (24 -hour  period) 


Figure  2-68  shows  the  swept  frequency  responae  taken  for  an  input  level  6f  -40dbm.  A 
meaeurament  of  the  gain  and  phaae  stablUty  va  input  VSWR  was  made  with  the  arrangement  of 
Fig,  2-69.  Signal  is  fed  to  the  amplifier  under  test  through  a  20-db  coupler  which  maintains  a 
ooiiatsnt  amplitude  Input.  The  difference  port  is  terminated  via  line  stretahar  1  in  lOOohma. 
Ihus,  the  input  VSWR  may  be  varied  over  a  2-to-l  range  by  changing  the  length  of  the  line 
Btratohor  by  X/2. 

The  arrangement  is  balenoed  for  a  null  Indication  at  the  IF  amplifier  by  adjustment  of  line 
stretcher  2  and  the  variable  attenuator,  whloh  are  calibrated  for  direct  reading  of  phase  and  am¬ 
plitude  changes.  The  amplifier  waa  also  tested  for  long-term  stability  over  a  period  at  24  hours, 
and  for  temperature  stability  with  the  above  setup.  For  these  measurements  the  difference  port 
of  the  20-db  coupler  was  terminated  In  50  ohms.  The  results  of  the  above  teats  are  given  in 
Table  2-V.  The  infr.rmation  gathered  so  far  Is  enc.curaglng. 


Tunnel  Diode  Parameter  Measurements:—  In  order  to  predict  circuit  performance  closely. 

It  was  necessary  to  have  a  more  detailed  knowledge  of  tunnel  diode  parameters  than  the  information 


*C.  SInIxrlsd,  "Intsrprstetlon  of  ths  Trommiulen  Line  Poremslsn  with  a  Nsgatlvs  Conducfonca  Load,”  Itog. 
IRE^  812  (1«1). 
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CAlNIdh) 


FIfl.  2-67.  Goln  v*  bias  fo^  hwin*!  dlwte  omp!lfl«r. 


Blittlmv) 


Flg.2-6B.  Gain  VI  friiq*tancy  plot 
for  tunnol  dioue  ompilHort. 
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FIfl.  2-69.  of  ompllnido  and  phoaa  vi  Input  VS^. 
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TABLE  2-V 

TUMNEL  DIODE  AMPUFIER  STABILiri'  MEASUKEMEMTS 


Ampllftar  1 

Afnfji 

ifior  2 

Teit  Condition 

Gain  Chonge 
(db) 

Fhoi*  Charge 
(degree*) 

Gain  Crranga 
idfa) 

Fhwe  CliOnge 
(degree*) 

VwrloMon  of  input 
VSWRby2:1 

01 

1 

0.1 

1.6 

24~houi'  itoblllty 

<0.1 

2.5 

0. 1 

1.6 

Ambient  tempsrature 
change  25«  to  42*C 

0.2 

1.9 

0.9 

3 

given  in  manufacturers'  date,  sheets.  Rather  then  eetablleh  the  Uidividuii).  circuit  ooraponents,  It 
sufllced  to  meacure  the  two-terminal  admittance  or  Impcdanoe.  Admittance  measuremente  were 
found  to  be  more  convenient  to  make  becauno  less  computation  was  Involved. 

A  Oeneral  Radio  1607A  immltanco  bridge  was  uaed.*  A  special  diode  holder  was  constructed 
(Fig.  2-70)  which  Is  a  SO-ohin  coaxial  structure.  It  is  possible  to  Introduce  a  disk  resistor  into 
the  holder  adjacent  to  the  diode  under  test  and  in  shunt  with  It.  This  ensbles  the  diode  to  be 
stabilized.  Figure  2-71  shows  an  admittance  plot  vs  frequency  for  a  Sylvanla  diode.  Results 
aro  given  in  terms  of  the  equivalent  circuits  of  Fig-  2-64.  It  can  be  seen  tliat  the  real  part  of 
the  admittance  la  relatively  constant  over  a  wide  frequency  range,  while  this  la  not  trua  for  the 
impedance  plot. 

Admittance  measurements  were  also  made  by  using  a  slotted-llne  method.  This  provided 
a  check  on  the  results  oblained  on  the  immitanoe  bridge.  However,  beoausa  of  the  low  etgwil 
levels  used,  VSWR's  above  20  db  could  not  be  measured  with  aocuracy, 

Tunnol  Diode  Down-Convertera!-  A  program  for  the  testing  of  tunnel  diode  dovm- converters 
will  soon  bs  under  way.  The  replacement  of  a  conventional  mixer  by  a  tunnel  diode  down- 
oonverter  does  not  seem  to  have  significant  advantages  In  a  radar  whore  a  good  low-noise  front- 
end  amplifier  having  reasonable  gain  la  used.  The  possibility  of  replacing  both  the  low-noise 
front-end  amplifier  and  mixer  with  a  single  tunnel  diode  operated  as  a  down-oonverter  having 
conversion  gain,  although  attractive,  does  not  appear  practioali  hence,  major  effort  has  been 
given  to  the  development  of  tunnel  diode  amplifiers.  Consideration  has  been  given,  however,  to 
the  use  of  tunnel  diode  down-oonverters  having  unity  gain  and  a  noise  figure  of  2.Sdb,^  and  the 
evaluation  of  two  of  these  units  Is  anticipated. 

Conolualons!-  The  current  evalustlon  of  the  use  of  tunnel  diodes  in  a  phased  array  reoeiver 
has  been  outlined.  This  evaluatloii.  with  particular  emphasis  on  tha  measurement  of  noise  fig¬ 
ures,  will  continue.  The  particular  difficulty  encountered  so  far  has  been  the  auppresslon  nf 
undesirable  oaolllatory  modee  due  to  the  frequency-sensitive  ciutracterlstles  of  the  assoclatod 
olroulator.  So  far  It  is  felt  that  the  tunnel  diode  is  a  promising  competitor  for  use  in  a  phased 
array  radar. 


*Far  0  oomplete  dsfcrlptlon  of  Ihli  mthod,  lee  the  OenersI  Radio  Cetepony  "Exporlmenleri''  July  1M0. 

IF.  Staner  and  A.  Freuer,  "Stabla  Lew-Nelie  TunnsI  Diode  Frequency  Cenverten,"  1961  WESCON  CenvenNen. 


C.  ELECTRON-BEAM  PARAMETRIC  AMPLIHER 


J.  H.  Teele 


Pi-e!imli!ary  teats  on  the  Zenith/ Adler  faeil-wavc  parametric  amplifier*  have  been  very  en¬ 
couraging.  The  results  from  these  tests  have  confirmed  the  excellent  gain  end  phase  stability 
of  ♦he  device.  A  contract  for  the  delivery  of  sixteen  o''  these  low-nolae  amplifiers  has  baen  let. 
The  contract  completion  date  is  1  September  1961.  The  a.npllfiers  will  be  installed  in  the  linear 
test  .array,  and  a  performance  evaluation  program  will  then  be  carried  out. 

It  is  desired  to  determine  the  performance  of  the  sixteen  amplifiers  working  together  in  » 
phased  array.  Although  every  effort  has  been  made  to  Insure  uniform  perfci'mance  of  the  am¬ 
plifiers,  some  operational  problems  arc  anticipated. 

A  second  study  program  will  measure  the  improved  performance  of  the  linear  array  radar 
system.  The  high  noise  figure  (7db)  and  low  gain  (13  db)  of  the  present  type  V077  vacuum  lube 
front  ends^  have  severely  llmlted  the  number  end  kind  of  experiments  that  have  been  attempted 
with  the  linear  array  system. 


*  J.  L ,  Alien,  jy  ol.,  og.  cit.,  pp.  42-43. 
tlbld..  pp.  43-44. 
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CHAPTER  V 

INTERMEDIATE -FREQUENCY  AMPLIFIERS 


SUMMARY  J.  DIBartolo,  Jr. 

This  chapter  describes  the  evolution  ot  an  inexpensive  wideband  IF  amplilier  which,  because 
of  its  good  phase  and  amplitude  stability,  is  well  suited  for  use  phased  arrays.  VKF  transis¬ 
tors  are  used  In  grounded-base  stages  which  are  coupled  with  untuned  transformers.  Effects 
and  limits  of  the  transformers  are  discussed.  Photographs  are  Introduced  to  show  the  bandpass 
characteristic  of  the  amplifier.  Two  graphs  showing  phase  and  amplitude  stability  for  the  dura¬ 
tion  of  150  hours  are  also  included. 

A.  INTRODUenON 

/,  30-McpB  IF  strip  with  nnilaterallzed  grounded-errltter  stages  was  presented  In  TH-2E8, 
together  with  amplitude  and  phase  stability  data  taken  during  40  hours  of  operation.  To  sum¬ 
marize,  the  rms  phase  error  did  not  axceed  3‘,  and  the  amplitude  rms  error  was  less  tlum  0.6  db. 

^'ho  primary  goal  in  the  design  of  tliat  amplifier  was  to  stabilize  the  Impedance  and  the  gain 
and  to  extend  the  life  of  the  transistora.  Stability  was  achieved  through  unllateralization.  The 
Ufa  of  the  transistors  was  extended  by  minimizing  the  dissipation.  No  interruptions  due  to  tran¬ 
slator  failure  were  lagged  in  a  full  year's  operation. 

Stahllity  Is  certainly  of  iu  Irooi'y  importance  In  aonpHfier«  for  a  phased  array  radar  but,  is" 
one  considers  a  system  using  thousands  of  amplifiers,  it  is  apparent  that  such  a  large  number 
of  amplifiers  will  make  cost  ind  niaintainabiUty  important  factors.  In  order  to  reduce  this  in¬ 
itial  coat  as  well  as  maintenance  difficulties.  It  v/as  decided  to  try  to  eliminate  all  the  variable 
(tuning)  olemente.  A  wideband  amplifier  was  tried,  baaed  on  a  recant  design,*  with  50-db  gain 
and  70 -Mops  bandwidth.  Phase  and  amplitude  stability  was  scrutinized  for  several  hours  and, 
although  the  resull.a  were  satisfactory,  it  was  felt  that  the  cost  could  be  reduced  considerably 
if  a  less  expen.slve  transistor  were  used. 

In  particular,  it  seemed  that  there  might  be  advantages  from  the  standpoint  of  transistor 
ousts  and  stability  in  operating  inexpensive  VIIF  translators  In  the  grounded-base  configuration, 
The  nature  of  the  grounded -base  current  gain  parameter  a,  as  contrasted  to  the  characteristics 
of  p,  the  grounded-emitter  current  gain,  with  regard  to  repeatability  and  frequency  sensitivity 
suggests  these  possibilities. 

A  short  investigation  of  available  tranalRtoi  E  showed  that  the  2N90Z  might  suffice  for  each 
an  amplifier,  using  untuned  transformer  coupling.  Therefore,  a  toioid  transformer  wss  tailored 
to  work  in  conjunction  with  this  transistor  In  a  grounded-base  configuration. 

B.  TRANSFORMER  EQUIVALENT  CIRCUIT 

The  core  used  in  the  transformer  la  a  3/8-lnch  o.d.,  3/l6-lnch  l.d.  toroid  of  Q-2  type  fer¬ 
rite  ceramic  material  made  by  General  Ceramics  Corporation.  Conventional  transfoi'mer  theory 
aotabllshes  the  circuit  of  Fig.  Z-72  as  the  equivalent  of  the  traiaiformer.  In  this  figure. 


*,I.C.  d>Stoeka>7  and  R.M.  Scarlell,  "Trnnihtor  Amplifier  Hot  100  Megacycle  Bandwidth,"  Electreniu  73 
(15  April  1960). 
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=  distributed  capacitance  of  primary  winding, 

Tj  =  resistance  of  primary  winding, 

Juj  =  leakage  inductrnoe  of  primary  winding, 

=  core  loss, 
c 

a.  =  N  /N  (primary  of  uocondary  turn  ratio), 

P  a 

Lp  -  primary  inductance, 

-  uecondary  leakage  Inductance, 
r^  =  resistance  of  secondary  turns, 

C,  =  capacitance  of  secondary  turns. 

The  parameters  of  the  transistor  are  such  that  they  add  a  caiwcltor  of  approximately  2  pf  In 

parallel  with  10  kilohme  to  the  Input  side  of  the  equivalent  circuit  of  the  transformo'’  The  Input 

Impedance  of  the  transistor,  which  Is  composed  of  an  inductor  L,-  and  a  resistor  R, ,  is  the  load 

1  2  * 

for  the  transformer  and  appears  in  series  with  the  leakage  indretanoe  modified  by  the  factor  a  . 

If  the  leakage  Inductance  becomes  very  largo,  the  high-frequency  response  v'lll  bo  limited  se¬ 
verely.  This,  then,  dictates  limits  for  the  highest  transformer  turns  ratio  that  one  can  use.  Fov 
a  fixed  number  of  primary  turns,  decreasing  the  number  of  turns  of  the  secondary  winding  re¬ 
sults  in  a  greater  leakage  Inductance.  Therefore,  although  a  given  turn*  ratio  might  he  Ideal  for 
matching  transistors,  this  turns  ratio  has  to  bs  modified  to  restrict  the  values  of  Table  2-VI 
shows  typical  values  of  leakage  inductance  and  mutual  capacitance  measured  for  transformers 
of  different  turns  ratios. 

The  Iraiiiifurntei  Bltava  been  wound  slrnply  by  hand.  The  primary  turns  ere  wound  In  a  single 
layer  around  the  core,  and  the  sooendary  turns  are  uniformly  spaced  over  the  primary.  Obvi¬ 
ously,  the  turns  must  be  uniformly  wound  to  assure  repeatabllUy. 

C,  AMPLIFIER  CIRCUIT 

The  circuit  diagram  of  the  amplifier  Is  shown  In  Fig,  2-73  and,  except  for  the  restriction 
placed  on  the  transformer,  the  circuit  Is  conventional.  The  biasing  currant  must  be  held  within 
10  per  cent  of  2  ma  because  the  input  and  output  parameters  of  the  transistor  are  current  sen¬ 
sitive.  Therefore,  a  2.4-kilohm  resistor  hae  been  inserted  In  series  with  each  emitter  in  order 
to  minimize  any  variation  In  this  current.  A  33 -ohm  resistor  has  also  been  placed  Ia  aeries  with 
the  signal  voltage  to  raise  and  stabilize  the  input  Impedance.  The  noise  figure  tor  the  system 
whoro  this  IF  amplifier  will  be  used  la  determined  by  the  RF  amplifier.  Therefore,  the  loss  of 
onnsltlvUy  caused  by  this  small  series  resistor  Is  negligible.  However,  for  the  system  where 
the  loss  can  not  be  tolerated,  other  means  should  be  used  to  obtain  the  desired  impedance.  Wher¬ 
ever  an  optimum  noise  figure  is  desired,  it  will  be  necessary  to  mismiitch  the  amplifier  by  in¬ 
creasing  the  impedance  of  the  eource.t  The  response  of  the  amplifier  Is  presented  in  Fig,  2-74. 
No  Initial  selection  of  transistors  has  been  made. 


*  For  o  ulicuiilon  of  traniFormert  of  ompilflert  In  general,  lee  R.  Lee,  Electric  Tronkrcnneri  and  Clrouth  (Wiley, 
New  York,  1547). 

tR.S.  Hurley,  Junction  Trantltlor  Electroiilct  (Wiley,  New  York,  1958),  pp.  103-118. 
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Ftg,  2-74,  Typical  IF  amplifier  raiponsa. 
Marker  or  30  Mepj;  3-db  polnti  ul  abouf 
5  and  45  Mcpt. 


Fig.  2“73(o).  Rmi  phoM  error. 


Fig.  2- 75(b),  Rmt  amplitude  error. 


Fig.  2-76(a).  Top  tmee:  30'mp>ac  Input  pulie 
(below  limiting  level). 

Bottom  trace:  ou tput  vrovefbm . 
Scole:  50  X  10*'  tec/cm. 


l-ti-MM  (aTbTI 


Fig.  2-76(b).  Reiponie  of  amplifier  to  SO-mpiec 
Input  pulie  20  db  above  limiting  level. 

Seale:  0.4  volt/cm,  0, 1  fuec/cm. 


One  practical  word  of  caution  Is  In  order:  It  was  found  that  the  corresponding  ends  of  tha 
coupling  transformer  must  be  connected  to  the  collector  and  emitter  as  shown  in  Pig.  c-l'S.  Other¬ 
wise,  the  mutual  capacitance  will  take  a  higher  value.  This  will  lower  the  frequency  at  which 
it  resonates  with  the  leakage  Inductance,  therefore  limiting  tiie  blgh-frequency  response. 

A  1000-ohm  restatoi  is  placed  across  the  primai'jr  winding  of  the  coupling  transformer.!  to 
reduce  the  gain  of  the  amplifier  in  the  vicinity  of  the  high-frequency  peak  caused  by  coupling 
circuit  resonance. 

The  amplifies'  specific  at  ions  are  listed  below. 


Input  impedance 
Output  Impedance 
Bandpass  (3db) 

Gain 

Linear  dynamic  range 
Noise  flgxire 


50  ohms 
50  ohms 
5  to  45  Meps 
JCdb 

73  db  (  -30  to  -  lOOdbm) 
7db 


D.  EXPERIMENTAL  RESUI.TS 

Phase  and  amplitude  stability  measurements  of  seven  amplifiers  were  made  for  a  period 
of  150  hours,  information  v.'as  printed  automatically  every  lialf  hour,  From  the  data  obtained, 
rms  errors  were  calculated;  these  results  are  depicted  in  Fige.  k-75(a^  and  (b).  A  coherent 
30-Mops  signal  was  used  to  make  this  test  in  conjunction  with  the  equipment  described  In  Part  i, 
Ch.  Vil. 

Another  tset  was  performed  to  observe  the  behavior  of  two  amplifiers  -  ore  ussd  at  room 
temperature  as  a  standard,  the  other  enclosed  in  an  oven  where  the  temperature  was  varied 
from  25*  to  50*0,  Differential  phase  shift  wati  less  than  2*,  and  the  gain  remained  constant 
within  SiO.S  db. 

Overload  recovery  of  one  of  the  amnliftera  was  alao  tested  using  SO-nsec  pulses  for  the  sat¬ 
urating  signal.  The  amplifier  recovered  completely'  from  a  ■l■17-dbIn  input  signal  in  leas  than 
ZOpsec.  It  recovered  completely  from  a  0-dbm  signal  in  less  than  .5psec. 

Noise  figure  was  measured  by  using  a  similar  amplifier  as  a  postampilfler,  s  bolometer  as 
a  detector,  and  the  AT.L  noise  generator  model  70C.  The  noise  figures  of  the  several  amplifiers 
tested  fell  within  the  range  from  7  to  6db. 

FlnaUy,  the  transient  response  was  tested  by  feeding  the  amplifier  30-mptec  video  pulses 
and  obsorvlng  the  output  on  a  sampling  oscllloecopo.  The  amplitude  of  the  litput  pulse  was 
varied  from  a  value  below  limiting  to  one  some  20  db  above  limiting.  The  resultn  ere  shown  In 
Figs.  2-76(a)  and  (b), 

Eight  receivers  in  the  presently  existing  16-element  phased  array  system  have  been  equipped 
with  these  new  amplifiers  in  order  to  check  their  performance  relative  to  the  older  IF  strips. 
Eight  others  arc  niuunlwd  In  a  test  rack  for  continuing  long-term  stability  moasuroments. 

E.  CONCLUSIONS 

Reproduction  of  this  amplifier  Is  made  easy  and  uniform  by  the  use  of  a  prihted-olreult 
board  (Fig.  2-77).  A  careful  examination  of  more  than  twenty  units  already  built  has  demon¬ 
strated  that  it  is  indeed  possible  to  build  stable  amplifiers  economically  and  to  obtain  virtually 
identical  transmission  characteristics  with  no  adjustable  circuit  elements. 
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CHAPTER  VI 
TRANSMITTER  STUDIES 


SUMMARY  L.  CarfJodge 

This  chapter  describes  the  results  of  eifoHs  directed  tov/ni  J  niOkinit  a  very  high  power 
phaaed  array  transmitter  composed  of  large  numbers  of  nioderately  powerful  plug-ln  elements 
practical.  The  first  part  of  Ihe  chapter  outlinea  a  tube  development  and  some  design  studies 
aimed  at  producing  ISOO-Mops  plng-ln  elements  and  a  system  for  using  them.  The  individual 
siemants  should  produce  200  kw  of  peak  power  and  up  to  2kw  of  average  power,  Plug-in  element* 
are  to  Include  the  actual  radiating  elements  and  be  usable  with  these  radiators  spaced  0.5B  wave¬ 
length  apart  to  form  a  planar  array.  The  cabling  problems  inherent  In  such  at:  array  werti  studUd, 

The  aocond  part  of  the  chapter  dlBCusBas  the  development  of  low -power,  ilOO-Mcps  plug-in 
elements  for  use  in  tim  linear  test  array.  These  elements  will  operate  at  5  kw  peak  power  and 
consist  of  a  phase  shifter,  two  tetrode  amplifier  stagea,  a  plate  modulator,  utid  control  and  mon¬ 
itoring  clroultry.  The  units  are  to  ue  arranged  in  packages  a  few  feet  long  and  6  InuhsB  square. 

All  excess  heat  is  removed  by  cooling  water. 

A.  INTRODUCTICm 

A  large  pai't  of  the  transmitter  tachnlquss  effort  over  the  past  year  has  been  devoted  to  studies 
of  possible  array  syb<nm  cnnftguratioas  for  various  tasks.  Some  qualilattve  concluslbna  are  pre¬ 
sented.  Two  seis  of  components  are  being  developed  Into  hardware;  namely,  parte  for  a  high- 
pnwer  (200  kw  peak  and  2kw  average  per  alemnnt),  1100-Mcpa  transmitting  array  and  for  a  much 
lower -power  (bO  to  100  watts  average  at  Skw  peak  per  element)  array  at  9COM<.‘ps.  With  the  pos¬ 
sible  ex.teption  of  stability  and  reliability,  the  olectrlcal  requirements  for  these  transmitter  sis- 
n;anti  are  within  the  existing  stats  of  tho  art.  Development  work  in  the  areas  or  ireliabiiity  and 
packaging  for  the  close  upeclngs  is  desorlbed. 

B.  1300-Mcj»  TRAN^TTBR 
1,  Tubs  Dsvalopmsnt 

No  mlcrowsve  amplifying  device  suitable  for  use  as  an  output  amplifier  in  the.  1300-Mcps 
transmitter  package  exists.  Hence,  a  development  contract  is  under  way  on  a  100-kw  peak, 

1-kw  average  device  small  enough  to  fit  In  a  half -wavelength  square  [Mcksge.  Detailed  speoifl- 
catlcns  for  the  device  to  be  developed  ere  listed  below. 


Frequency 
Power  output 

Oaln 


Pulsewldths 


Requirements  for  Phased  Array  Output  AfftpHfler 
The  center  frequency  is  to  be  1290  Meps. 

The  device  must  produce  an  RF  power  output  over  the  specified  bandwidth 
of  100  kw  peak  and  1  kw  average, 

The  device  shall  have  a  smaU  signal  gain  of  16db  and  shall  meet  the  power 
output  and  other  requirements  when  excited  by  RF  pulses  having  a  peak 
power  of  5  kw. 

The  device  must  be  able  to  transmit  pulse*  at  its  rated  peak  power  with 
any  inileewldth  from  0.1  to  lOOnsee.  Pulsewidth  in  defined  as  the  time  be¬ 
tween  the  50  per  cent  voltage  points. 
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Bandwidth 

Rise  time 

Burnt  modes 

VSWR 

Efficiency 

Short-term  phase 
stability 

Liung-term 

stability 

Spurious  radiations 
Interpulaa  ti'.-ise 
Uniformity 

Size  and  shape 

Spacing 

Plug-in  features 

Modulation 

Life 


Instantaneous  i-db  bandwidth  must  be  at  least  100  Mops.  More  bandwidth 
is  desirable  if  other  reijuirementa  are  not  jeopardised. 

The  rise  time  of  an  RF  output  pulae  shall  not  be  more  than  15  znpace  greater 
than  the  rise  time  of  the  input  RF  pulse. 

The  amplifier  muat  bp  capable  of  transmitting  u  burst  of  a  number  of  short 
pulses,  each  separated  from  the  other  by  lOpaec  or  leas.  The  burst  length 
may  be  aa  long  as  lOOpsec,  and  the  "on  time"  inside  a  single  burst  maybe 
as  much  as  lOOpsee. 

The  device  must  be  capable  of  op  rratlng  into  a  VSWR  of  2:1  at  any  phase 
angle  (50-olun  nominal  bnpedance}. 

Over -all  efficiency,  including  heater  power,  magnetic  focusing  power  and 
plate  efficiency  must  be  at  least  30  per  cent. 

Output  phase  must  not  vary  more  than  2*  aa  a  result  of  a  1  per  cent  change 
in  the  most  critical  input  voltage.  Similarly,  output  phase  must  not  change 
more  than  2*  for  a  1-db  change  In  input  power, 

At  a  fixed  set  of  Input  voltages,  the  drift  in  absolute  phase  change  throv.ch 
the  amplifier  shall  not  exceed  6.5*  over  the  life  of  the  device.  Similarly, 
the  change  In  saturated  output  ampllturiii  shall  not  exoeed  1  db  over  the  life 
of  the  device. 

All  spurious  radiations  during  transmitter  "on  time"  muat  be  at  least  2Sdb 
below  the  peak  power  output. 

Noise  powsr  out  of  the  risvme  between  pulses  shall  be  less  tlian  lA  x  10"*® 
watt  per  cycle. 

Differential  phase  differences  between  devices  as  a  function  of  frequency 
shall  not  exceed  2*  over  the  pass  band  when  the  devices  are  operating  Into 
Identical  VSWR'a  which  may  be  aa  high  as  2;1  ut  any  pitaae  angle. 

The  devlee  must  be  loss  tlian  12  inches  long  and  must  fit  into  a  square  tube 
4.5  Inches  on  a  side  with  enough  room  for  six  cables  inch  )n  diameter  to 
be  run  inside  the  square  tube  and  past  the  amplifier. 

Design  must  be  such  that  the  device  can  be  operated  without  difficulty  due 
to  mutual  interaction  with  no  external  shielding  and  5,32  inches  spacing  be¬ 
tween  the  centers  of  adjacent  units. 

The  complete  transmitter  package  must  be  replaceable  while  the  array  Is 
operating  normally. 

Low-level  modulation  capable  of  producing  single  or  multiple  pulses  with 
widths  varying  from  0.1  to  lOOpsec  Is  desired. 

The  device  muat  be  designed  for  s  minimum  operating  life  of  SOOO  hours. 
End  of  llfii  Is  defined  as  a  1-db  change  In  saturated  output  amplitude  or  a 
6^"  change  In  the  absolute  pliase  shift  through  the  device. 
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Cooling  The  device  nhall  be  designed  ior  water  cooling. 

ProduclblUty  Maximum  attention  la  to  be  given  in  the  design  to  economy  of  future  niana 

production  of  such  devicea, 

2.  System  Considerations 

System  atudies  In  the  area  of  phased  array  transmitters  have  led  to  some  qualitative  con¬ 
clusions.  The  first  of  these  is  that  every  element  should  be  driven  at  the  same  power  level  In 
order  that  the  highest  possible  peak  and  average  powers  can  be  obtained.  Kvery  effort  should 
be  made  to  obtain  acceptable  sldelobe  performance  hy  means  other  than  amplitude  tapering  the 
transmitting  array  such  as  density  tapering‘s  or  staggering  transmit  and  receive  sldelobe  peaks 
and  nulls  for  low  two-way  sldelobes.t 

A  second  conclusion  is  that  the  final  phase-shifting  operation  should  be  done  at  as  high  a 
power  level  as  eemponents  wtlll  permit  In  order  to  reduce  the  gain  rcq'^T-ed  tro^n  the  final  HF 
arrpliflor.  The  amount  of  variation  in  phane  shift  thruugii  an  aiupiuier  duu  lo  nlianges  in  voltage, 
etc.,  is  usually  proportional  to  the  gain  of  the  device,  Hence,  making  the  hlgh-power  output 
amplifiers  operate  at  high  gain  adds  to  the  problems  of  adequate  power  supply  and  temperature 
control.^ 

I-astly,  It  seems  that  the  best  system  reliability,  as  well  as  economy  in  weight,  volume  and 
money,  may  well  be  obtained  by  generating  RF  power  in  large  numbers  of  relatively  low -power 
modules.  The  powm-  level  of  the  lndivl.dual  module  should  be  low  enough  to  permit  low-level 
modulation,  energy  storage  in  the  modulo,  air  or  solid  Insulation  and  froedom  frotii  problems 
due  to  hard  x-rays.  Obviously,  the  design  must  be  such  that  individual  modules  canba  removed 
from  service  and  replaced  without  interrupting  the  systom  operation, 

3.  Megrated  Transmitter  System  design 

It  becomes  apparent  that  if  a  phased  array  transmitter  is  to  beenme  economically  feasible, 
the  design  of  the  electronics  and  of  the  support  structure  must  take  full  advantage  of  the  produc¬ 
tion  economies  inherent  in  very  large  numbers  of  Identical  elements.  Also,  because  of  the  very 
high  density  of  components,  the  electronic  design  must  be  carefully  Integrated  from  the  start, 
with  the  design  of  the  support  structure  and  with  that  of  the  cooling  system.  Such  an  integrated 
doslgn  has  been  started  at  1300  Meps.  The  device  development  mentioned  above  is  one  part  of 
thin  design  effort. 

Another  step  in  the  development  of  a  ISOO-Mops  transmitter  Is  the  doslgn  of  the  cabling  and 
coolant  distribution  systems.  A  full-scale  wooden  mock-up  of  an  B  x  16  element  transmitting 
array  at  i300  Mtps  has  been  built.  This  mock-up,  which  is  shown  in  Figs.  2-78,  2-79  and  2-80, 
is  used  for  testing  cable  routing  acbemes.  The  individual  plug-in  elements  (Fig.  2-81)  are  ap¬ 
proximately  0.5  wavelength  square  and  are  spaced  0.68  wavelength  center-to-center  for  *4.')° 
scan  In  the  principal  pianos.  All  connections  are  brought  in  at  one  end,  and  the  actual  radiating 
elements  arc  mounted  on  the  pluggable  module  at  the  other  end.  The  radiator  la  removed  with 
the  clement  so  that  the  only  electrical  connection  that  is  not  readily  acceaslble  is  a  break  in 


Port  3,  Ch.  Ill,  Sse.G. 

■f  J.L.  Allen, et  ol,.,  "PhoiecI  Arroy  Radar  Studlet,  1  July  1P59  to  I  July  1960,"  Teehnteal  Report  No.  228  (U), 
Lincoln  Loboratory,  M.l.T.  (12  Auguif  1960),  pp.  179-180,  ASTIA  24W0,  H-335. 

i  See  Part  2,  Ch.  I!,  See<F-2. 
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Fig.  2-82.  Black  diagram  af  900-Mep<  franimllttr  untl. 


Fig.  2-83.  Single  amplifier  ttogo. 
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the  ground  plane  behind  the  radiators.  A  brief  teat  was  run  to  check  the  feaRlbUlty  of  this 
arrangement. 

In  addition  to  supply  and  return  lines  for  3  gallons  per  minute  of  cooling  water,  connections 
arc  provided  for  5  to  7kw  of  DC  power  at  between  8  and  20  kv  (thoBC  parameters  xo  be  determined 
exactly  by  the  outcome  of  the  tube  development),  10-kw  peak-power  RP  drive  pulses,  some  twenty 
low-voltage  loW'-frequensy  control  leads,  a  phase-stable  RP  cable  for  performance  monitoring 
and  a  small  coaxial  cable  for  modulator  drive.  Since  a  suitable  high-voltage  connector  does  not 
exist  at  present,  development  of  such  a  connector  outside  Lincoln  Laboratory  has  been  initiated 
as  has  development  of  some  specialized  RP  connectors  for  the  various  corporate  feeds 

Each  element  will  contain  two  final  ampllflerii,  a  ph-ise  shifter,  an  energy  storage  capacitor, 
modulating  circuitry,  a  polarization  switch,  and  monitoring  and  protective  circuitry.  Each  ele¬ 
ment  pncKHiie  will  operate  at  200  kw  peak  and  Zkvr  average  power  and  can  be  built  front  available 
parts,  01'  from  parts  prcoently  under  development,  to  weigh  'esa  than  100  pounds.  Tnis  weight 
is  made  up  as  follows: 


Pounds 

Power  amplifier  tubes 

<50 

Energy  storage  oapaoltor 
(0.2Bpf,  20 kv) 

£20 

Modulator  circuitry 

<5 

Monitoring  circuitry 

<5 

Support  and  mlsoellsneouB 

10 

4,  Planar  Array  Oround-P>ane  Taata  W.  P.  Uelauny 

Tests  were  made  on  a  small  planar  array  of  dipoles  to  investigate  the  effect  of  small  grooves 
in  the  array  ground  plane.  These  grooves  appear  \/hen  the  individual  ground  planes  of  the  array 
modules  are  separated  by  a  short  distance  for  mechanical  considerations. 

Antenna  patterns  were  taken  on  s  a  x  4  array  of  dipoles  which  had  grooves  between  2  x  2  di¬ 
pole  "modules,"  Groove  widths  of  0,  l/32  and  1/18  Incltos  were  tried,  and  groove  depth  was  kept 
constant  at  1/4  inch.  The  shape  of  tho  antenna  patterns  did  not  change  Bl^nlflonntly  with  groove 
width.  Relatlva  gain  measurements  indicated  a  0,.4-  to  l.D-rib  inersaae  in  gala  ae  the  jrocre 
width  was  changed  from  0  to  i/16  Inch.  This  gain  increase  is  not  enough  to  be  concerned  about 
in  view  of  the  possibilities  for  errors  in  the  measurement.  For  example,  patterns  for  eaelt 
groove  width  wore  taker,  on  different  days;  the  accuraoy  of  the  pattern  recorder  la  J;0.?.5  db. 

C.  900-Mcps  TRANSMITTER  L.  Cartledge 

1 .  General 

A  aeries  of  900-McpB  transmitting  elements  Is  being  designed  and  built  fot  liicluslon  hi  the 
teat  array.  Since  this  effort  was  started  rather  late,  me  dements  are  presently  at  the  breadboard 
stage.  Hence,  only  preliminary  results  can  be  presented  at  this  writing.  In  the  paragraphs  tliat 
follow,  the  design  objectives  will  he  outllred  and  ihe  units  will  bo  described  as  fully  as  possible. 

The  900-M.CP8  units  are  a  half -wavelength  (6  Inches)  square  in  cross  section  to  be  usable  in 
a  full  power  density  transmitter  array.  Kech  unit  is  pluggable  and  contains  the  cooling  and  mon¬ 
itoring  necessary  for  operation  in  a  full  densiTy  erray.  A  block  diagram  of  one  unit  is  shuwn  In 
Pig.  2-82,  Ftguren  2-83,  2-84  and  2-85  are  photographs  of  various  parts  of  a  unit  and  of  »  two- 
stage  breadboard,  These  units  are  to  operate  under  the  following  speclfloailona; 
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Power  output 

Canter  l'requen;y 
Sl|;nal  baiidwlcith 
Pulaewldth 
Phase  quantum 


>50  watts  (average) 
>5000  watts  (poak) 
900  *  to  Mcps 

10  M<:p9 

0,1  to  lOpsec 
B  wavelength 


Since  the  elements  are  to  be  pecked  on  he.U-wavelength  centers,  there  Is  no  room  for  con¬ 
vection  cooling.  All  heat  dissipated  In  the  elements  Is  removed  by  water  cooling.  This  requires 
about  10  cc  of  water  per  second.  Cool  vrater  is  used  for  stabilizing  temperature-sensitive  com¬ 
ponents  where  necessary. 

The  components  in  the  RP  chain  Include  ihe  phase  shifter,  two  amplifier  stages  and  the  mon¬ 
itoring  directional  coupler.  The  4-blt  digital  phase  shifter  is  a  type  that  operates  at  a  peak  power 
level  of  few  watts  and  is  baaed  on  the  work  deacrlbed  in  Part  Z,  Ch,  11.  The  following  paragraphs 
deeurlbe  the  work  that  has  been  done  on  these  transmitting  elements  to  date. 


2.  HP  Amplifiers 

The  HP  amplifiers  are  conventional,  coaxial-cavity,  tetrode  ampilfters.  All  the  amplifiers 
built  so  far  have  used  tubes  similar  to  type  7649  tetrodes  which  were  modified  for  water  ooollng. 
These  b:bes  are  used  with  a  three-quarter  wavelength  cathode  cavity  and  a  quarter-wavelength 
plate  cavity.  The  grid-screen  bypassing  Is  accompllehed  with  mica  washars  some  4  inches  in 
diameter.  Similar  mica  washers  provide  D(7  blocking  at  either  end  of  ihe  plate  cavliy.  The  tubee 
ai‘e  operated  aa  zero-grid  >blas,  cathode -driven,  plate  and  screen  pulaed  ampllfierc  with  oapac- 
Itancs  coupling  to  both  the  input  and  output  cavities.  Wlion  used  as  a  low-lovel  stage  of  the  two- 
stage  chain,  the  amplifier  is  operated  with  a  slngls-tnned  output  circuit  and  can  provide  about 
lY  db  Of  gain  and  iSO  watta  peak  output  at  about  IS  per  cent  plate  efficiency.  The  bandwidth  of 
this  stage  is  about  20  Mens, 

The  output  stage  is  operated  with  the  plate  circuit  single-tuned  and  produces  some  12  db  of 
power  gain  at  SO  per  cent  plate  efficiency.  The  over-all  bundwidlth  of  the  two  stages  is  IS  Mops. 

These  amplifiers  exist  presently  in  breadboard  form.  The  next  step  in  the  transmitter  de¬ 
velopment  will  be  to  manufacture  some  Z5  two-stage  ampilfters  and  asoemble  them  into  complete 
units  fur  life  testing  and  use  in  the  test  array, 

3.  Pulse  Modulator  for  MO-Mops  Transmitter  M.  Siegel 

As  described  in  the  previous  paragraphs,  it  was  decided  to  build  90D-Mcp8  transmitter 
modules  as  a  first  approach  in  the  phased  array  transmitter  program,  each  module  containing 
a  final  amplifier,  a  driver  ampUfiler,  a  phaae  shifter,  rnonltorir.g  equipment  and  its  own  Individual 
modulator.  Since  it  was  desired  to  obtain  5  kw  of  peak  power  output  at  900  Meps  using  a  lO-pseo 
pulse  and  a  0,01  duty  cycle  from  tetrodao  in  cavities  operating  class  B,  each  modulator  is  re¬ 
quired  to  produce  at  least  iOkw  of  peak  power  for  the  plate  circuit  of  the  final  amplifier,  plus 
the  plate  power  for  the  driver  stage. 

Tv/o  ways  of  achieving  plate  and  a  "een  modulation  present  themselves.  The  first  way  is  to 
provide  a  common  bus  mcidulator  and  feed  all  the  sixteen  modules  In  the  linear  array  through  in¬ 
dividual  pulse  cables  carrying  large  pulse  currents  from,  one  or  a  few  large  modulators  capable 
of  providing  160  kw  of  peak  power  at  1.6  kw  of  average  power.  However,  the  screen  circuits 
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must  ops  '-ale  at  pulse  voltagos  different  from  the  plstt  voltage;  al>o,  the  driver  stage  mlsht 
operate  optimally  at  a  plate  voltage  different  from  the  final  amplifter  plate  voltage.  This  wenld 
entail  either  throwing  pulse  power  away  In  dropping  resistors,  decreasing  the  efficiency  and  In¬ 
creasing  tho  heat  load,  or  providing  many  pulse  cables  to  each  module,  one  for  each  different 
voltage. 

The  other  alternative,  and  the  one  that  was  followed,  was  to  make  each  module  a  complete 
iji  ansmUlct',  and  provide  an  Individual  modulator  plus  sufficient  energy  storage  (to  supply  power 
for  each  pulse)  for  each  module. 

Two  ndvuntages  Immediately  accrued  from  doing  thia.  First,  it  is  now  uractleal  to  use  a 
pulse  irsnaformer,  since  the  maximum  pulaewldth  needed  is  lUpseo  and  the  minimum  video 
pulsewidth  moat  likely  needed  would  be  Ipaec.  A  pulse  transformer  with  several  taps  can  pro¬ 
vide  all  the  various  output  voltages  required  b}-  the  tubes  over  th«se  pulsewtdths.  As  many  as 
four  voltages  can  be  provided  from  one  transformer  Blmulteneouely  without  seriously  degrading 
the  pulse  shape.  Second,  since  the  peak  power  raqulred  is  new  oi  the  magnitude  of  only  10  to 
20  kw,  a  hard 'tube  modulator  can  be  used  with  the  advantage  that  any  pulaewldth  between  .1  and 
lOpsec  can  be  provided  and  the  pulse  repetition  frequency  can  be  adjusted  ao  that  a  0.01  duty 
ratio  is  maintained.  (The  moilulator  acts  only  aa  a  pulse  amplifier  and  does  not  determine  Ihn 
puleewldtii.)  This  provides  a  more  flexlbla  modulation  arrangement.  In  addition,  none  of  the 
large  pulse  currents  have  to  bo  carried  around  from  module  to  module,  r.nd  pulse  current  to 
uliargn  ciililn  capacitances  need  not  be  provided. 

For  the  prototype,  it  was  therefore  decided  to  design  a  10-  to  15-kw  hard-tube  modulator 
capable  of  providing  pulses  of  1  to  lOpsec  ahO  voltages  of  4,  2,5,  2.0,  1,5,  1.0  (ind  0,5  kv,  Iliese 
voltages  would  be  capable  of  driving  a  primarily  resistive  load  of  approximately  t  kilohm.  (The 
7649  tetrode  when  pulsed  to  3Hv  draws  approximately  3  amperos  of  peak  current.) 

Since  pulse  voltages  as  great  as  4kv  were  desired,  the  3E29  pentode  which  Is  capable  of 
a-kv  ap><rntinri  wai*  usad.  11  wau  determined  that,  to  obtain  the  10  tp  15  kw  desired,  the  tube's 
rated  plate  dissipation  would  not  oe  exceeded,  but  the  screen  dissipation  rating  would.  It  was 
therefore  decided  to  parallel  two  3E29'e  to  obtain  the  neoossary  power  out  with  a  good  margin 
of  aafety. 

More  than  20  kw  of  peak  power  have  been  obtained  from  one  modulator  without  adversely 
affecting  the  pulae  shape  or  exceeding  dieelpation  ratings.  The  elxe  of  the  final  modulator  pack¬ 
age  is  6x6x6  inohae.  Each  modulator  contalne  Its  own  energy  storage  oapaoitor  (O.Spf  at 
5  kv)  which  is  sufficient  to  hold  up  a  lO-psec  pulse  with  maximum  droop  across  the  nspscltor  of 
approximately  2  per  cent  during  the  pulse.  In  addition,  in  eorleo  with  the  high  voltage  to  each 
rqoduiator  will  be  a  fuse  capable  of  interrupting  5  kv  If  the  average  current  becomes  exoasslve. 

In  thia  way,  each  module  wilt  have  its  own  energy  siorags  and  its  9v;r.  protective  device. 

Figure  2-86  is  a  schematic  of  the  pulse  mcKlulaior,  Figure  2-89  ehowa  tho  latest  assem¬ 
bled  version  of  this  modulator,  and  Fig.  2-88  shows  the  modulator  output  pulaea  when  operating 
into  an  IlC  load  (t  kilohm  in  parallel  with  50|jipf ).  Figure  2-87  shows  the  water  tubing  or  chon- 
noUng  used  to  cool  the  chaaeia. 

In  order  to  provide  vld  jO  drive  power  for  the  sixteen  modulaiora,  a  driver  modulator  wae 
built  tliat  ia  capable  cf  taking  a  pulse  of  i  io  10|iseo  from  the  timlrig  circuitry  in  the  data- 
proceeslng  equipment  and  amplifying  this  to  provide  pulses  for  as  many  as  twenty  mad.ulatora 
through  a  20-foot  length  of  cable  attached  to  each  modulator. 
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E  Fig.  3-08.  Output  ef  putt*  modulator  (lood  Impodoneo  1  kltohm  In 

I  parallat  with  50  ppl), 

I  Amplttud*  tenia  n)0|or  dlvlilon)i  2000  volti. 

I  Tima  Kelt  (par  major  dlvltlon)i  (a)  300  pHcr  (b)  2  ptao)  (o)  0. 1  ptac. 


Fig.  Bottom  view  of  pulia  medulater, 
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To  eval'i&te  bow  much  cooling  would  be  required  by  the  modulator,  ilie  following  sstlmatlon 
of  heat  generation  was  iisade. 

Watte 

36 
20 
5 

5 

i£. 

76 

Tests  were  run  with  the  modulator  completely  enclosed  in  a  heat -insulating  medium  and.  pro¬ 
ducing  16 kw  peak  power  and  i60  watts  average  power  output  at  watar  flow  rates  of  only  i.Scc/sec 
through  the  entire  modulator.  Temperatures  were  nieaaured  continuously  at  suspeuted  hot  apots 
which  were  chnctrically  at  ground  potontlal,  and  temperature -sensltivo  palnta  were  placed  on  hot 
areas  that  wet  e  at  high  voltage.  The  hotteat  temperature  measui'ed  (excluding  the  glass  of  the 
tube)  after  an  B-hour  pe.riod  was  190*F,  In  addition,  no  component  manufacturer's  maximum 
allowable  temperatures  were  exceeded  nor  was  any  component  advs^sely  affected  afler  two  8-ltour 
periods  at  continuous  operation.  The  final  modulator  will  be  cooled  by  much  larger  flow  rates 
(at  least  lOcc/sec)  and  will  be  life-tested  over  much  longer  periods  of  operation  time. 

It  might  iiu  mentioned  that  subsequent  to  this  test,  when  a  destruci  test  wss  performed  on 
this  modulator,  no  water  was  allowed  to  flow;  the  first  component  failure  occurred  in  the  high- 
voltage  section  after  li  hours  of  operation. 

Figure  2-90  is  a  graph  of  average  temperature  vs  time  for  an  6-hour  run  with  water  flow 
ra*es  of  i.S  oc/isec.  On  the  average,  •  12*F  temperature  differential  from  inlet  to  outlet  of  the 
water  was  ootained.  As  mentioned  before,  approximately  76  watts  were  dissipated  within  the 
modulator.  The  water  required  to  remove  76  watts  if  the  eocling  system  wars  100  per  cent  effi¬ 
cient  would  ba  Q(gB]/min)  =>  P(watt8)/264(T2  -  Upon  adjusting  the  units  and  substituting 

In  P  3  76  wotts,  3  20'F.  Therefore,  the  flow  rate  Q  «  1.62cc/aea.  It  was  also  decided  that 
the  large  heat-producing  elements  should  rest  lecurely  on  a  heat  sink  or  alab  directly  oonnedted 
to  thn  water-cooling  channeling. 

Since  It  la  hoped  to  be  able  to  plug  in  and  removo  each  module  while  the  other  modules  ara 
in  operation,  investigation  into  appropriate  cabling  and  connectors  for  the  modules  is  being  con¬ 
ducted.  Such  problems  as  locating  and  providing  suitable  quick  dlsconneota  for  the  water  Tinea, 
dieconnectlng  high-voltage  cables  with  complete  operator  aafety,  and  proper  proteotive  devloos 
for  both  personnel  and  equipment  while  in  operotlon  and  being  serviced  are  being  sxant'.ned  in 
detail. 


Filament  power 
Plate  diasipatlon 
Screen  dissipation 
Screen  dropping  resistor 
Transformer  losses 


4.  Watsr  Cooling 

One  of  the  primary  problems  in  the  design  and  construction  of  any  planar  transmitting  pliased 
array  is  that  of  cooling  the  component  parts  and  maintaining  the  temperature  of  the  array  at  some 
reasonable  value. 

Until  Ills  time  of  this  writing,  tnc  approach  of  most  of  the  array  designers  has  been  to  use 
air  cooling  as  the  main.  If  not  only,  cooling  means.  In  a  hlgh-power  planar  phaaed  array,  how¬ 
ever,  the  Individual  modules  are  usually  spaced  about  one  half-wavelength  apart,  hence  there  la 


no  practical  way  of  ducting  the  large  volume  of  oir  x'eijulred  to  cool  the  ilenaely  packed  arapliflei' 
modulea.  In  the  design  of  the  final  amplifier  modules  to  be  used  in  the  Ih-slemenr  'JOO  -  Mcpa 
linear  array,  provision  was  made  to  cool  these  modules  entirely  by  water, 

A  water  purifier  (Ion  and  oxygen  remover)  and  a  temperature  stabilizer  (which  maintains 
constant  array  water  temperature  either  by  heating  or  cocling  the  water)  were  assembled  as  a 
unit  with  aufflclent  capacity  to  provide  ion-free  temperature-atubilized  water  to  all  the  modules. 
Provision  was  made  to  connect  and  disconnect  the  individual  modules  from  this  unit  by  means  of 
quick-dlscoimect  connectors. 

The  actual  design  of  the  cooling  system  within  a  module  was  dona  in  two  steps.  First,  it 
was  decided  to  pro’dde  water  jackets  for  the  main  heat-producing  components  such  as  the  final 
amplifier  tube  and  the  driver  tube  preceding  it.  Second,  it  was  decided  to  cool  the  chassis  itself 
by  running  an  nxtruded  channel  or  pipe  along  the  walls  of  the  chassis  and  thermally  connacting 
nil  hot  components  to  generous  slabs  of  aluminum  which  were  connected  thermally  to  the  chasslia. 
By  cuullng  ttie  chaoais,  the  ambient  temperature  in  the  module  is  held  to  some  reasonable  value. 

Since  no  water -cooling  jacket  was  available  at  the  time  for  the  amplifier  tubes  tliat  were  to 
be  used  In  the  900-Mcps  array,  it  was  decided  to  design  a  few  different  types  of  water  jackets 
and  measure  their  relative  performance.  Two  major  factors  were  utilized  in  determining  the 
optimum  design  for  a  water  jacket  for  the  phe  ted  array  tubes; 

(a)  The  minimum  amount  of  water  to  adequately  cool  the  tube  with  a  margin 
of  safety  la  to  be  provided. 

(b)  The  jacket  should  have  low  ma.-mfacturlng  cost. 

Both  of  these  restrictions  were  placed  on  the  choice  of  thn  water  jacket,  since  large  numbeps 
of  cooling  jackets  would  be  required  for  any  phased  array,  and  factors  of  this  nature  affect  the 
coat  of  a  large  system. 

After  consideration  of  the  tube  dimensions,  the  quantity  of  water  necessary  to  carry  off  the 
heat,  and  the  flow  conditions  necessary  to  establish  turbulent  rather  than  laminar  flow  at  the  heat 
generating  surface,  four  types  of  water  jackets  were  assembled  (Fig.  2-91). 

It  was  assumed  that  the  most  effective  cooler  was  jacket  A  becauee  of  the  nature  of  the 
water -flow  (Kith,  and  the  Isaat  effective  was  D,  efficiency  of  cooling  deoreaalng  from  A  to  D. 

A  detailed  analysis  was  psrformed  on  water  jacket  A  to  aeoertatn  the  proper  water  flow 
and  the  dlmonslone  ana  location  of  the  concentric  cylinder!  to  provide  euffiolent  cooling  and  tur- 
tnilent  flow  conditions.  Analytical  results  were  then  compared  with  experimental  data  o):italned 
ueing  theee  water  jackets  on  tubes  that  were  dissipating  100  watts  of  average  power,  All  the 
tube  seals  (ceramic  to  metal)  were  coated  with  temperature -aensltlve  paint  to  enaure  that  no 
manufacturer'e  maximum  seal  temperatures  were  exceeded.  In  addition,  thermooouplea  wore 
mounted  at  varlcue  suspected  hot  spots  on  the  tubes  and  continuously  monitored.  It  was  assumed 
that  the  ambient  water  temperature  would  be  from  100*  to  120*F  and  that  allowable  tanperature 
rises  ill  water  would  be  2i)*F,  Flow  rates  per  water  jacket  were  calculated  to  be  about  .1  co/sec 
to  remove  the  100  watts  of  heat  generated. 

Water  jacket  A  was  assumed  to  provide  the  optimum  in  cooling  and  was  to  be  established 
as  a  standard  with  which  to  compare  other  designs.  Its  chief  disadvantage  was  that  it  would  be 
considerably  more  expensive  to  mass  produce  than  other  designs. 

Figure  2-92  shows  curves  of  tubs  temperature  and  water  temperature  change  vs  water  flow 
rate,  'ihese  data  were  obtalited  with  the  tubs  dieslpatlng  100  watts  into  water  jacket  D  and  ailow- 
Ing  the  tenipefsture  to  stabilize  at  each  of  the  meaeured  flow  rates. 
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The  difference,  in  periormance  from  tube  Jacket  A  through  tuba  Jacket  D  was  hot  consider¬ 
able.  In  addition,  at  nn  time  during  the  teat  was  the  manufacturer's  maximum  sen!  temperature 
approached  with  any  of  the  water  jackets. 

As  a  result  of  these  testa.  It  was  decided  to  use  in  the  array  the  simplest  water  jacket  to 
manufacture  (water  Jacket  D)  and  to  provide  a  flow  rate  tn&t  was  more  .han  double  the  test  How 
rates.  Water  jacket  D  wan  then  tested  for  periods  of  8  hours  at  a  time  at  flow  rates  of  tOcc/sec 
removing  100  watts  of  plate  dissipation  from  the  tubes  (Fig.  a-93). 

It  should  be  mentioned  that,  for  the  purposes  of  the  water-jacket  experimentation,  the  water 
jackets  v/ere  machined  from  brans  and  cemented  to  the  copper  coaxial  plate  caps  of  the  power 
letiodes.  These  tubes  we.i'e  originally  available  with  fins  for  air  cooling;  however,  the  manu¬ 
facturer  provided  several  developmental  tubes  without  radiators.  Henceforth,  the  tube  manufac¬ 
turer  will  pro\dde  these  telmdeo  with  water-cooling  jackets  similar  to  watur  Jacket  D  attuched 
to  the  plates  by  a  shrlnk-l'U  piucesa. 

It  in  expected  that  sixteen  modules  will  be  assembled,  each  module  containing  at  least  two 
tubes.  Therefore,  32  tubes  with  water  jackets  will  be  aancmbled  and  placed  in  cavities.  Since 
no  air  cooling  or  convection  cooling  whatever  ie  to  be  provided,  wherever  excoesive  heat  is  gen¬ 
erated,  this  heat  will  be  removed  by  copper  tubing  or  water  jackets  wrapped  around  or  nearby 
the  heat-producing  elements.  It  is  expected  that  all  the  water  entering  a  module  will  flow  past 
or  around  the  major  heat-producing  components  in  addition  to  flowing  along  cnasela  sides.  Bach 
transmitter  module  thus  has  one  water  inlet  and  one  water  outlet. 
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CHAPTER  Vn 

array  control  and  data  processing 


SUMMARY  J,  H,  T«ele 

This  chapter  deals  with  certain  problems  of  the  array  radar-romputer  Interface.  Part  A 
presents  the  guiding  philosophy  of  the  phased  array  data-processing  effort,  along  with  some  re¬ 
marks  on  possible  future  Invcstlgatlciis.  In  Part  B,  a  method  of  precise  beam -position  control 
1b  considered.  Ust  of  this  technitiue  may  well  result  in  large  cost  reductions  for  phased  array 
systems  where  digital  phase  shifters  are  employed  to  form  and  steer  the  beams.  In  Part  C,  an 
accurate  time-variable  gain  control  circuit  is  discussed.  Use  of  this  control  permits  measure¬ 
ment  of  targrt  cross  section  “.'iO'  automatic  compensation  for  target  range.  Part  D  presentfl  a 
discuaslon  of  a  flexible,  programmable,  pulne-tratn  synthesizer,  1'hls  device  has  application 
to  the  general  target  parametor  monsurement  problem  In  conventional,  as  well  as  In  electron¬ 
ically  scanned,  radar  systems. 

A.  INTRODUCTION  AND  DATA-PROCESSING  PHILOSOPHY 

Effort  In  the  area  of  array  control  and  data  processing  Is  being  concentrated  on  two  general 
problems.  The  first  involves  studies  of  various  schemes  to  precisely  control  thn  position  of  re¬ 
ceiving  and  transmitting  beams  in  electronically  scanned  radar  systems.  The  second  area  of 
Investigation  embraces  the  general  analog-digital  ayatem  problems  connected  with  the  operation 
of  a  hlgh-data-ratc,  electronically  scanned  array  In  a  dense-target  enviromnonl 

The  effort  In  these  areas  Is  expanding,  with  the  realization  that  many  proposed  control  and 
data-processing  systems  (for  arrays)  are  Inadequate  In  both  speed  and  aophlatlcatlon.  The  pre¬ 
vious  statement  arises  from  consideration  of  some  of  the  ultimate  applications  of  array  radar 
systems. 

Most  propoged  array  data-procesolng  systems  consist  of  a  large  centra)  computer  with  as¬ 
sociated  Input/output  equipment.  It  is  felt  that  the  computer  Itself  will  bo  available,  wlieii  needed, 
from  one  of  several  sources.  The  requirements  on  this  computer  are  simply  speed,  flexibility, 
and  size. 

There  Is,  however,  an  airca  that  has  been  largely  neglected.  This  area  embraces  all  the 
problems  that  might  be  ImupeJ  undv  the  gw-iurul  heading  “Input/ output  equipment."  It  la  clear, 
however,  that  the  term  "Input/ output"  hardly  doen  the  problem  Justice. 

Electronically  scanned  arrays  operating  In  a  dense-target  environment,  transmitting  many 
varied  sophisticated  waveforms,  will  have  a  high  information-gathering  capability.  The  infor¬ 
mation  on  target  position  and  target  parameters  will  arrive  in  real  time  at  data  rates  hitherto 
not  experienced  In  operating  radar  syoteme,  A  few  preaeiil-dey  computers  could  conceivably 
handlp  the  data-processing  problems  assoclatecl  with  suuh  Byatamni  If  the  wide -bandwidth  analog 
Information  could  be  presented  In  a  format  suitable  for  direct  storage  or  computation.  The 
"black  b  )x"  that  accepts  hlgh-bandwldth  analog  data  in  real  time  and  delivers  compact,  ordered, 
digital  data  to  the  control  and  central  processing  system  is  largely  a  gray  area, 

Wo  are  faced  with  a  situation  where  the  problem  of  waveform  generation  may  be  easier  than 
the  problem  of  waveform  analysis.  Much  attention  is  being  given  to  the  problem  of  waveform  de¬ 
sign  in  certain  altuatlonn.  Many  waveform  designers  seem  to  feel  that  the  reception  (matched 
filtering)  of  the  received  data  Is  nothing  more  than  a  conjugate  process.  This  view  is  satisfactory 
as  far  as  it  goes:  however,  it  is  clear  that  it  dues  not  represent  a  complete  solution  to  the  problem. 
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During  the  next  year,  mare  effort  wUl  be  concentiated  in  the  area  of  analog/digital  t.onver- 
slon  in  the  wiriest  .sense.  It  la  the  view  of  this  writer  that  thie  area  represents  a  major  challenge 
to  digital  system  designers  and  that  It  represents  a  major  bottleneck  to  the  realisation  of  some 
of  the  more  sophisticated,  eleeironlcnlly  scanned  array  systems  tiiat  have  been  proposed. 

E.  A  METHOD  OF  PRECISE  BEAM-POSITION  CONTROL 

WITH  COARSE  PHASE  QUANTIZATION 

This  section  deacrlbsa  a  almple  technique  whereby  the  beam  In  a  phasa-seanned  array  may 
be  precisely  positioned  without  resort  to  fine  quantization.  In  this  technique,  there  is  an  in¬ 
equality  between  the  length  of  the  computer  control  \/ord  and  the  number  of  phase-weighted  bits 
In  the  phase  shifters.  The  bits  of  the  phase  shifter  are  connected  to  the  higher-order  bits  of  the 
compui'.er  control  word.  The  lower -order  bits  of  the  control  word  are  discarded. 

This  technique  has  applicability  to  beam -positioning  systems  Virhere  the  bits  of  the  computer 
control  word  have  fixed  weights  In  pikabo  or  tiiiie  delay,  and  whers  uiscrcto  rather  than  continuous 
values  of  phase  shift  are  available.  Hence,  It  Is  Ideally  suited  to  systema  where  the  phase- 
control  medium  la  a  direct  digital  phase  siilftor.’’* 

1.  Basic  Conalderatlona 

F'lgure  2-94  shows  an  application  of  this  technique  in  a  phantom -bit  beam-steering  system, 
The  computer  control  word  a  Is  of  sufficient  size  to  uniquely  specify  the  required  number  of 
discrete  beam  positions. 

Lot  N  be  the  number  of  elements  In  a  linear  array,  n  be  the  number  of  control  bits,  and  t 
be  the  fraction  of  the  2/r  (voltage)  heamwldth  that  the  desired  beam-position  step  size  represents. 
Then 

n  *  log^  N/f 

Let  m  be  the  number  of  phase -shifting  bits;  then  the  phase  quantization  (radians)  is  defir.sd 
ns  Q,  whore  Q  »  2ir/2”'.  The  number  of  phase-shifting  bits  will  depend  on  several  factors.  For 
instance,  the  coat  of  each  bit  may  well  vary  inversely  as  the  weight  of  that  particular  bit.  At 
1300  Meps' (L-bP.nd),  phase  quantization  to,  say,  9,625°  may  be  prohibitively  expensive  if  not 
technically  Infeasible. 

The  utility  of  what  hae  been  called  "the  phantom  .-bit  technique,"  lies  in  the  fact  that  one  need 
not  quantize  phase  to  an  accuracy  of  2ir(f/N)  radian  stepe  to  obtain  N/f  beam  posltfone.  In  other 
words,  v/e  make  n  greater  than  m.  The  nature  and  limitations  of  this  technique  can  be  shown 
by  considering  a  specific  example. 

2.  Application  of  Phantom-Bit  Technique 

Consider  the  problem  of  precise  control,  of  the  beam -pointing  angle  for  a  linear  array  of  64 
uniformly  driven  elements,  where  the  tnterelement  spacing  can  aasume  two  values;  D  »  0.S86X, 

D  -  0.8X. 


*J.L.  Allen,  et  a[.,  "Phoied  Array  Rader  Studlra,  )  July  1959  to  )  July  )960,"  Technical  Report  No.  228  (Uj, 
Lincoln  Labor^ry,  M.l.T.  (12  Auguit  1960),  pp.  81-1<)1,  ASTIA  249470,  H--335. 
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For  I'.his  rxample,  we  assume  thai  beam-position  control  to  half  of  the  2/ir  voltage  beam- 
width  will  be  satisfactory.’'  This  control  precision  would  be  adequate  where  the  array  U  to  be 
a  transmitting  array  with  a  fui.ction  as  an  all-sky  illuminator  (l.e.,  to  Illuminate  all  of  a  scanned 
sector  with  a  certain  maximum  permlsnihle  amplitude  ripple). 

The  number  of  control  bits  required  Is  7,  which  value  of  n  yields  a  total  of  128  beam  posi¬ 
tions.  Figure  2-95  shows  the  linear  array  gpomotry.  Half  of  these  128  positions  are  in  the  first 
quadrant,  and  half  are  In  Die  second.  Some  of  the  positions  will  form  grating  lobes. 

We  assume  phase  qviantlzatlon  to  22.5*.  (Hence,  m  =  4,  the  weights  of  the  phase-sliifting 
bits  being  inO',  90',  45"  and  22.5*.) 

There  is,  therefore,  an  Inequality  of  3  bite  (n  -  m  e  b  =  3)  between  the  computer  control  word 
and  the  phase -shifter  word.  Assume  the  connection  of  Fig,  2-94  and  consider  the  phase  fronts 
that  will  be  dlatrlbuted  aa  the  bear.i  of  the  array  moves  cloclovlse  from  the  boreslght  position. 

The  computer  control  word  M  which  specifics  fcorcjlght  1.“?-  QOOOOOO.  A  little  thought  will 
show  tliat  this  control  word  produces  an  error-free  phase  frctni  acruss  the  array,  Thu  l-blt 
phase  uhlfter  In  each  channel  will  be  set  to  the  condition  0000  by  the  ^  computation  and  distri¬ 
bution  system.  The  three  additional  phase -shifting  bits  are  always  considered  to  have  the  value 
0  X  11.25'  +  0  X  5,625”  4  0  X  ?.,8125”  =  0*.  Hence,  for  the  boreslght  position,  there  exists  syi  ef¬ 
fective  match  between  the  length  of  the  computer  word  and  the  phase -shifting  word.  The  total 
number  of  error-free  pulntlug  positions  Is  a  function  of  b,  the  measure  of  Inequality  between 
the  computer  control  word  and  the  phase-shifting  word  (n  -  m  =  b),  and  Is  simply  2""^.  For  the 
oase  under  conaldcratlon,  every  eighth  position  is  free  from  pointing  error, 

What  about  the  Intermediate  positions  (l.e.,  positions  1-7,  9-15,  17-23,  etc.)?  We  will  sim¬ 
ply  state  that,  associated  with  an  inequality  of  b  bits,  there  exist  2^-1  different  phase-front 
error  distributions.  Error  distribution  1  applies  to  off -boreslght  positions:  1,  9,  17,  25,  etc. 
Similarly,  error  distribution  2  applies  to  positions  2,  10,  18,  etc, 

The  phase  fronts  distributed  for  these  intermediate  posllions  are  net  linear.  The  form  of 
the  phase  front  for  any  intermediate  pcaltion  can  be  obtained  by  subtraetirig  the  proper  phase- 
front  error  functions  from  the  phase  front  that  would  have  been  distrl'Duted  had  there  been  ae 
many  phase  bits  as  computer  bits. 

The  seven  phase -front  error  distribution*  for  the  case  b  =  3  oi’e  given  in  Figs.  2 -96  (a) 
through  (g).  The  term  LSB^  refers  to  the  least  significant  bit  of  the  computer  coiiUol  word 
(l.e.,  computer  woid,  phase  quantisation). 

Error  distributions  are  ueinairily  of  academic  interest,  However,  the  real  questions  are; 


(a)  If  one  attempts  to  obtain  precise  control  through  the  medium  of  the 
phantom-bit  technique,  liow  closely  does  the  beam  point  to  the 
computer-lnltlnted  direction? 

(b)  What,  if  any,  effect  )inn  the  use  of  this  technique  on  the  envelope  of 
the  aldelobes  of  the  array  function? 


3.  The  Worst  Case  Pointing  Error 

Consider  the  first  beam  position  off-boreslght  (a  =  OOOOOUl;  i.e.,  a  =  1-SB^),  We  assume 
that  this  position  is  the  worst  case  as  for  as  relative  percentage  pointing  error  is  concerned. 


*The  comtont  reference  to  the  ")/*  beamwidth"  moy  be  confusinft..  Thtt  purtieular  beomwldlh  eomw  from  the 
dlieuulon  In  Part  2,  Ch.  I,  where  Ocioney  polnh  out  that  the  flot  IMurntnatlan  beoint  out  of  the  RF  bsam-fomtng 
matrix  ereu  ovsi  at  the  Vs  peinti  In  voltage.  We  are  tacitly  oitumlng  a  iMtem  where  the  trommlttsr  beam  It 
steered  through  the  use  of  phantom  bits,  while  the  receiving  jyjtem  uses  the  benmi  from  the  afarementtensd  matrix. 
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(o)  S«v«nrh  pwttian  off-boftilflht. 


Fig.  2-96.  Cenrinuad 


There  are  throe  qualitalivc  reasons  for  this  ftssumptlon.  The  phase -front  error  function  for  this 
position  represents  the  larj^iest  percentage  error  in  phase.  The  nonuniform  stepped  phsse  front 
for  this  position  is  one  of  the  most  systematic  in  appearance.  The  number  of  elements  in  the  sub- 
array  set  is  maximum  for  this  position,  and  the  subarray  set  has  its  maximum  in  an  error  di¬ 
rection.  These  three  reasons  do  not  in  themselves  constitute  conclusive  proof  of  the  worst  case, 
However,  the  assumption  tiiat  the  first  position  off-boreaight  is  tlie  worst  case  iias  been  borne 
out  by  the  results  of  a  computer  program.* 

The  normalized  far-fleld  pattern  for  the  first  position  off  army  boresight  hss  the  iornj 


sin  2*^  (^j,/2) 

aln(ii^/2) 


•  zVn 


sinN/z" 

ainTSP'z)  j 


and 

"  Z*^!—  cose  +  LSBc)  . 

In  theory,  it  la  perfectly  possible  to  dlfferen.tate  jE^I  with  rsspeot  to  cosd,  find  the  singu¬ 
lar  points,  and  eventually  find  the  angle  0  at  whloh  the  maximum  value  of  oocura.  An  exact 
calculation  of  beinn-puitiling  angle  error  by  this  method  is,  at  beat,  very  involved. 

A  useful  approximate  uxpressiuti  for  the  worst  case  pointing  angle  error  is  derived  below. 


4.  D«rtvatton  of  Pointing  Angle  Error  Ihnotion 

Let 

D  >  element  spacing  in  wavelengths, 

N  a  number  of  elements  In  array, 

I/)  c  angle  off  array  borealght, 

2‘>  .  id  »  AstualPhMe  , 

a  computer  rnaoa  iijuantisation ' 

b  a  n  -  m  as  before. 

i'Un  tSu  nor-mallzed  far-fleld  pattern  amplitude  of  an  N -element  linear  array  is  E^,  where 

""■I  ■  I [■T.-nTtrJ  •  ‘  /x  [  j  I  •  <« 


and 


'^1  "  ^  ' 
iPj  “  8ln<?  +  a) 


Equation  (1)  is  of  the  form 


iZl 


*See  Sac.B-5. 
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whnr.? 


The  errov  can  be  expresaad  In  other  ways,  one  of  the  more  Interaattng  being  in  terruu  of  the 
Z/n  beamwldths  of  a  uniformly  illuminated  array  (bw  “  ^/ND). 

,Zb 

where  Is  the  worst  case  ei-ror  expressed  as  a  percentage  of  the  z/n  beamwldth. 
h.  Computer  Prediction 

A  computer  program,  written  by  W.  C.  Danforth,  Jr.  of  Group  315,  was  used  fo  calculate  the 
far-field  patterns  of  a  6i.-cTomcnt  array  composed  of  uniformly  illuminated  Isotropic  elements. 
The  program  was  rttn  for  two  element  opaclngs  (D  ^  0.586X  and  D  D.8\)  for  the  aevon  different 
error  distributions  (b  =  3)  for  the  first  seven  positions  off-boresight. 

The  computed  pointing  angles  for  tite  phantom -bit,  nonlinear  phase  caee  were  then  compared 
to  the  pointing  angles  produced  by  an  error-free,  unllorm,  phase-front  distribution.  The  por- 
ceutage  error  between  the  two  seta  of  seven  pointing  angles  Is  plotted  In  Flge.  2.-97(s,)  and  (b).  It 
is  interesting  to  contrast  the  worst  case  pointing  angle  error  predicted  by  the  approximate  ex- 
presslan  to  the  computer-predicted  pointing  error, 

The  computer-calculated  rasultn  for  the  first  position  off-boreslght  are  given  In  Table  2-VU. 
The  approximate  expreaalou  does  a  fair  ;iob  of  predicting  the  beam-pointing  errors  In  this  csss. 


TABLE  2-VII 

POINTING  ANGLE  ERROR 

Approximate  exprewlim 

Cemputed  value 

0-0.5e6\ 

(per  cent) 

D-o.ax 

(per  cent) 

1.54 

i.a  a  l.3i 

1.54 

l.69±  i.79 

Heturnlng  to  Figs.  2-97(a)  and  (b),  we  see  that  a  smooth  curve  may  be  drawn  through  the 
error  bound  points,  (The  large  error  bound  Is  a  function  of  the  angle  step  lise  In  the  computer 
program,  O.ui',)  This  error  envelope  contains  the  true  values  of  the  pointing  angle  errors.  As 
regards  the  actual  shape  uf  the  error  curve,  we  might  well  be  able  to  fit  anything  from  a  straight 
line  to  a  decaying  exponential  Into  the  error  envelope. 

One  statement  may  be  made,  however.  The  beam-pointing  error  is  a  strong  Amctlon  of  beam 
position  off-boreslght.  Positions  1  to  7  contain  the  maximum  rolatlve  pointing  error.  .The  truth 
of  this  statement  appears  when  one  considers  tliat  the  error  funoHons  are  periodic  with  period 
2^  1  and  that  they  are  fixed  in  amplitude.  As  the  beanu  moves  olookwlse  from  boreslght,  the 

error  functions  modulate  the  normal  phase  fronts  less  strongly. 

6.  Sidelobe  Structure 

The  effect  of  nonuniform  phaas  fronts  on  the  envelope  of  the  array  sldelobes  Is  of  oonsiderable 
imporiaiice,  Alien*  has  studied  (he  effect  of  alopped  pliase,  where  the  Steps  are  ettlier  uniform 


*J.L.  Allen,  «tol.,  og.ch.,  pp,  207-216. 
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or  nonunlform.  in  height  and  width.  He  derive*  an  expression  for  the  levels  of  the  high  sldelobee 
that  ocour  as  the  beam  is  off-boresight.  This  expression  is  approximate  snu  ntatee  that 

the  near-in  sidelobea  have  an  amplitude,  rtovii  20  log^g  ,1n(db),  from  the  main  beam,  and  that 
they  approach  (in  our  notation)  20  iog^^  2/q,  as  an  asymptote. 

A  relatively  coarse  antenna  pattern  was  run  with  the  same  nonlinear  phase  fronts  used  in 
the  fine  structure  pointing  error  computations.  This  was  done  for  two  reasons.  A  qualitative 
notion  of  the  structure  of  the  array  pattern  and  a  check  on  the  utility  of  the  sldelobe  level  fer- 
mula  were  desired. 

Figures  2-98(n)  through  (p)  present  a  collection  of  computed  antenna  patterns  for  an  array 
of  64  uniformly  Illuminated,  uniformly  spaced.  Isotropic  elements.  The  hnrlaontal  point  .spacing 
is  0.45'.  The  quantization  In  angle  In  the  computer  program  causes  the  maximum  of  the  beam  to 
be  slightly  displaced  vertically  downward  from  Its  correct  position.  The  decimal  figure  at  the 
too  of  aaclk  pattern  gives  the  correction  In  db  needed  to  place  the  maximum  of  the  beam  at  the 
proper  level. 

The  two  heavy  vertical  Itnss  at  +45*  and  —45'  show  the  «[ipit:jxliiiate  field  to"  view  of  Individual 
antenna  elements  thnt  might  be  used  In  the  array.  It  sliould  be  remembered,  of  enure",  that  ele¬ 
ments  with  u  narrower  field  of  view  might  be  used  for  ai'ray  spacing,  D/X  "  0.8.  The  phraae 
"0  ahlfte"  or  "2  shifts"  refers  to  the  value  of  b  for  that  particular  pattern  (l.e.,  for  "0  shifts" 
read  "b  =  0,"  etc.).  The  patterns  for  D/a  =  are  alternated  with  t'.ioae  for  D  =  0..585A  for  tile 
purpose  of  easy  comparison. 

It  <s  difficult  to  make  any  meaningful  general  etatemonte  about  the  patterna.  All  eevan  non¬ 
linear  phase  fronts  give  rise  to  one  or  more  high  sidolobeS  either  side  of  boroslgiit.  The  hoighi 
of  these  sidelobea  Is  generally  below  -20  db  with  respect  to  the  main  baam.  Tiie  sldelobe  levels 
seem  to  follow  the  (20  log^g  Jn)  rule  fairly  well  when  the  phase  steps  are  of  equal  width.  How¬ 
ever,  there  am  certainly  cases  (a  c  3,  D/x  =  0,386)  where  nsar-ln  sidelobea  are  not  the  highest 
sidelobea  within  the  field  of  view. 

The  high  sidelobea  caused  by  the  nonlinear  phase  f/'ont  control  will  degrade  the  over-all  sys¬ 
tem  notee  temperature,  espsclally  If  they  point  at  the  ground.  In  some  systeina,  they  snight  also 
cause  deghostlng  problems,  especlalli'  it  the  phantom-blt  pointing  system  controls  both  trans¬ 
mitting  and  receiving  arrays. 

7,  Conclusions 

This  brief  investigation  has  by  ao  means  exhausted  the  possibilities  In  this  technique,  or  in 
its  many  possible  varlailone. 

Hather  than  simply  discard  the  lower-order  control  bits,  one  might  well  imploment  some 
sort  of  a  I'ound-off  technique,  wiiere  an  effort  would  be  made  to  minimize  the  Integrated  nqusrad 
error  between  the  distributed  nonlinaar  phase  front  and  a  true  stepped  phase  front. 

The  noncqulvalence  beam-steering  technique  can  be  applied  to  many  different  array  ayatems. 
It  may  be  profitably  employed  wherever  phase-shifter  fabrication  problems  have  heretofore  pre¬ 
vented  precise  control  over  the  fine  beam  position  in  electronically  scanned  ariays.  It  la  most 
useful  in  the  control  of  large  arrays  in  surveillance  systems,  V'here  the  array  beamwldth  is  small 
enough  to  require  precise  control,  and  where  a  small,  predictable,  polntlrig  error  Is  tolerable. 

C.  THANSlSTORI7,ED  TTMG-VAIOABLE  GAIN  CONTROL 

The  function  of  the  ti'anelstorlzed  time-vAriable  gain  control  (TTVOC)  is  to  accuratnl}>  com¬ 
pensate  for  the  change  In  IF  signal  level  that  would  be  observed  on  a  target  of  constant  cross 
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section  nt  varying  rangca.  With  the  TTVQC  in  operation,  a  signal  meSBuronjent  tftade  at  IF  Is 
truly  ImUcatU’c  of  tcrgct  cross  section  (provided  the  receiver  is  rot  saturated). 


1.  Introduction  and  Baste  Design 

The  gross  signal  variation  at  any  point  in  the  IF  consists  in  varUtlons  due  to  cliangoa  In  In¬ 
stantaneous  target  cross  section,  as  well  as  a  predictable  signal  power  variation  as  the  fourth 
power  of  range  (signal  voltage  as  the  second  power  of  range). 

The  design  of  the  'ITVac  Is  stralghtfoi-ward.  It  conalata  of  two  series -connucted  linear  at¬ 
tenuators  with  associated  buffer  amplifiers.  A  block  diagram  of  the  TTVQC  Is  shown  in  Fig,  2-99; 
Fig.  2  -too  is  a  circuit  schematic  of  the  device. 

The  open-circuit  tlrlvlng  voltage  to  the  TTVQC  Is  of  the  form 


klf 


where  is  come  maximum  range  and  k  Is  the  open-circuit  oouroe  voltage  when  H  = 

For  perfect  range  compensation,  the  series  resistance  of  each  attenuator  should  follow  the 


relation 


(ohms) 


where  B  is  a  minimum  attenuation  factor. 

The  actuftl  reaUtance  of  the  attenuator  ia  always  positive  and.  can  be  made  equal  to 


r, 

A 


Power  limitations  In  the  2NS02  determine  the  minimum  value  of  series  resistance .  Duty 
cycle  uanslderations  help  a  little  and  allow  a  minimum  series  resistance  of  about  180  ohms.  At 
R  n  Rniax’  through  the  TTVQC  is  about  30  db,  increasing  to  about  100 db  at  R  ■» 

T'he  worst  case  for  range  compensation  occurs  at  R  ■>  R^^^i  where  the  compunaption  error 
amounts :ta  about  +0,4 db  for  a  minimum  resistance  value  of  180  ohms. 

Two  points  have  not  been  considered.  The  first  ooncerns  the  effect  of  the  TTVQC  on  system 
slgnal-to-nolse  ratios.  The  double  emitter  follower  -  vlvieo  amplifier  combination  Nl.a  an  input 
impedance  of  over  100  kllohma,  a  gain  of  about  20  db,  and  a  noise  figure  of  8db.  Two  of  thpse 
amplifiers  in  combination  with  the  series  attenuators  degrade  the  system  signal-to-nolie  riitio 
less  than  l.Sdb  ul  R  •  l/DO 

The  use  of  the  TTVQC  by  nc  moars  solvec  the  problem  of  keeping  the  system  from  saturating 
on  strong  targets.  Assume  a  syrtem  dynamic  range  of  79db  (proposed  modifioetion.i  on  the  ex¬ 
isting  system).  This  dynamic  range  is  measured  up  to  the  input  to  the  TTVQC.  It  is  clear  tliat 
a  range  varintian  of  50  to  1  can  absorb  almost  ths  entire  riynnmic  rangs  of  the  syateoi.  The 
TTVQC  dues  not,  therefore,  increase  thr  ..ynomic  range  of  the  system  per  sa,  Rather,  it  should 
be  used  in  combination  with  a  series  of  perhaps  two  or  three  pads  In  the  input  to  each  receiver 
Hr  amplifier.  Theae  pads  would,  of  course,  degrade  the  system  signal -to -noise  ratio  In  ex¬ 
change  for  this  increased  dynamic  range. 


t  m 


154 


The  Idenl  tlme-vnrinble  gain  control  would  be  operated  at  MS'  frequency  In  the  low  -lntpedance 
Input  Hno  to  the  receivor.  Conductivity  modul».tio;'i  of  a  tuned  varactor  diode  for  a  purely  reslsi- 
tlvo  change  in  series -impedance  might  well  be  employed. 


D.  HIGH-SPEED  PULSE-TRAIN  SYNTHESIZER 


This  Beotioij  desertheo  a  itexlDlc,  progrujiuiitt-de,  video-waveform  ayntheaUer.  Thle  gen- 
nr.-.tor  ia  capable  of  genciating  a  groat  variety  of  pulse  wave  trains  under  external  digital  com¬ 
puter  control.  The  pertinent  characterUtlcs  of  Uie  device  are  lloted  below. 


Maximum  burat  length 
Minimum  pulae  width 
Output  pulae  rise  time 
Output  pulae  fall  time 
Coding 

Amplitude  tapera 
BRpt 


lOpaec  (expandable) 
0. 1  peso 

<5n»ac  (10%  to  90%) 
<Snaec  (10%  to  90%) 
NHZ* 

Coaine  or  triangular 
Up  to  83  kepa 


The  utility  and  need  for  the  generator  ia  considered  in  Sec.  D-1.  Succeeding  parta  of  this 
aectlon  briefly  outline  the  method  of  waveform  synthesta  and  aome  of  tho  problems  involved  In 
reallzattcn  of  the  device. 


1.  Introduction 

In  the  past,  most  radar  systema  have  been  used  to  obtain  a  limited  amount  of  information 
about  the  targets  observed.  Typically,  a  short  pulse  of  1  to  lOOpsec,  of  sufficient  energy  to 
detect  tho  target  and  measure  its  range,  was  tranamltted.  It  Is  not  our  aim  to  review  the  var¬ 
ious  changes,  additions  and  improvaments  that  have  taken  place  in  radar  systems  since  World 
War  II.  However,  one  change  is  Important,  IKadar  systems  are  being  required  to  obtain  more 
information  on  target  parameters,  to  a  gi‘eater  pr'taislon  and  in  more  difficult  target  situations 
than  ever  before.  Muon  attention  has  been  focused  on  the  subject  of  object  resolution  and  param¬ 
eter  oMitnatlon  as  it  affecte  the  choice  of  wat'eforms  to  be  transmitted  in  a  particular  situation.^ 
Moat  eyeietn  speclfioations  require  simultaneous  measurement  of  target  radial  veloeity  and 
target  range.  Two  signals  enme  to  rnlnd  when  one  considers  tho  simultareotia  measurement  of 
range  and  velocl.y.  The  firet  of  these  la  the  so-called  "ohlro"  or  pulse -compression  scheme 
which  Involves  either  linear  or  nonlinear  frequency  modulation  in  the  transmitted  envnlope.^^ 

The  second  usnful  waveform  conslete  of  a  train  of  pulses  of  appropriate  epaotng  and  vrldth.^ 
With  proper  choice  of  four  parameters,  a  pulae  train  can  be  used  to  measure  range  and  radial 
velocity.  These  four  pat  ameterB  are  pulae  width,  pulse  spacing,  pulse  train  length  (number  of 
pulses)  and  amplitude  taper  over  the  length  of  the  pulae  train.  (Pulse-to-pulae  phase  shifts  and 
jittered  prf's  are  useful  in  certain  situations  but  are  not  considered  here.) 


*  Non-return  to  zsfo. 
tfiurit  repetition  frequency. 

1  E.N.  Fowls,  E.J.  Kelly  and  J.A.  Sheshan,  "Rodor  System  Fsrformsnce  In  a  Denis- Target  Environment," 

1961  IRE  Intamctlonol  Convention  Reeoixl,  Port  4,  pp.  136-I4S. 

§E,L.  Key,  E.N,  Fowle  and  R.O.  Hoggorty,  "A  Merited  of  Deiigning  Slgnoli  of  Large  Time-EondwIOth  Product," 
1961  IRE  International  Convention  Record,  Pert  4,  pp,  146-I5t. 

9C.E,  Cook,  "Puiie  Compreiilon  —  Key  to  More  Efficient  Rader  Trcnimliilon,"  Pros.  IRE  310  (1960), 
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In  the  interest  of  brevity,  we  will  merely  state  a  few  of  the  ronstralnts  on  these  four  param- 
etfcis.  (The  reader  is  referred  te  the  work  of  Reanlck*  and  Menaeso**  for  further  rtlacuaHlon  of 
the  effects  of  slfennl  fjarameter  viirlationa.) 

CrU  the  width  of  the  Individunl  pnlaea  t^,  and  the  siiacing  between  pulses  t^,  Let  be  the 
desired  range  resolution.  Then 

2d.. 


and 


t  < 

1  c 


ta  >  t.j 


Consider  the  first  ambiguity  In  velocity,  which  ambiguity  ocours  at 
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hence, 
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max 


Consider  the  effect  of  overlapping  ground  clutter.  Assume  the  ground  clutter  to  have  an  ex¬ 
tent  in  range.  The  target  mtnimum.  range  la  The  constraint  on  the  burst  length  T  is 


T  < 


^(V.ln~V 


The  number  of  pulses  In  a  uniform  burst  Is  n,  where 


The  pulse -train  generator  should  have  provision  for  Implementing  an  amplitude  taper  over 
all  or  part  of  the  burst.  There  are  many  different  possible  tapers,  Including  linear,  cosine, 
cosine^,  triangular,  Taylor,  etc.  In  general,  an  amplitude  taper  has  the  effect  of  reducing  the 
eldelobe  levels  in  the  waveform  ambiguity  function  at  the  expense  of  a  slightly  fatter  main  re¬ 
sponse.  The  amplitude  taper  in  the  high-speed  pulee -train  synthesizer  le  Implemented  by  cliang- 
Ing  the  gain  of  the  Hewlett-Packard  distributed  amplifiers,  which  act  ae  buffer -drivers  between 
the  high-speed  f!.ip-nop  and  the  low-level  bridge  modulatore. 


2.  System  Description 

Figure  Z-lOl  is  a  system  block  diagram  for  the  pukie-traln  modulator  programmer.  The 
following  brief  description  should  be  referenced  to  thin  figure.  A  control  computer  is  assumed 
to  have  auppUed  the  modulator  programmer  with  s  5 -bit  control  word,  which  control  word  s.peo. 
Ifies  one  of  32  possible  wave  trains.  The  code-word/wave-traln  format  la  under  control  of  the 
"patchboard  circuit"  which  le  simply  a  pluggoble  patch  panel. 


*  J.R.  Retnick/  "A  Clou  of  Pulie-Train  Wavefbiw  Suitable  for  Lite  In  o  Multiple- Target  Invlrcninenl,"  to  be 
publlthed. 

t  R.  Monotie,  "Range  end  Velocity  Aeeuroey  from  Rodor  M#«vrement*,‘‘  Group  Report  312-26  (Ui,  Linooln 
Laboratory,  M.l.T.  (3  February  IMS),  ASTIA  236236,  H-78. 

t  R.  MemotM,  "Summer/  of  Maximum  Theoretical  Accuracy  of  Radar  Meotuntmenlt,"  Teohnluoi  Report  No.  2  [U], 
MITRE  Corporation,  Bedford,  MoNocKuteitt  (1  April  1960). 
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Assume  the  control  fllp-Dop  tJ>  he  "on."  The  next  burst  l  epelttion  trigger  (BRP)  pulse  from 
the  BRF  generator  will  pass  through  the  fast  gate.  (A  "fast  gate"  is  a  simple  transistor  AND 
circuit  with  very  small  delay  time,  say,  O.OtSpsec  and  fast  rise  time,  say,  O.OOSusec.)  Thu 
t-U.see  pulse  Is  sent  Immediately  to  the  high-level  modulators  in  the  transmitter  final  amplifier. 
The  overlap  delay  allows  for  the  rise  time  of  the  modulator.  This  same  pulse  also  staits  the 
taper  control  which  controls  the  gain  of  the  video  amplifiers  (during  the  pulse  train)  according 
to  a  preset  specification.  The  1-psac  pulse  also  passes  down  the  delay  line  (terminated  in  Its 
characteristic  Impedance,  =  2^0  ohms).  A  hlgh-lmpedance  pulse-plckoff  amplifier  (Fig.  2-102) 
la  connected  to  each  of  the  taps  of  the  delay  line.  The.'te  amplifiers  are  required  for  several 
reasons.  The  so-called  "taps"  on  the  delay  line  are  simply  wires  soldered  between  sections  of 
*he  line.  Any  load,  whether  resistive  or  reactive,  '"Hi  upset  the  proper  operation  of  the  line. 

The  Input  impedance  of  the  plckoff  ampllflei's  is  over  lOOkllohrns,  and  the  signal  pickoff  has 
negligible  effect  on  tap-to-tap  phase  shift. 

The  nontnfinftc.  .Jela.v  to-rfse-'.line  ratio  of  the  lumped-parsmetor  delay  line  moans  that  the 
pulse  rise  time  la  different  at  all  the  100  taps.  The  delay -to -rise-time  ratio  of  the  delay  line 
used  Is  about  75. 

The  2N69V  video-amplifier  doublet  has  a  gain  of  about  20  db  and  a  3-db  bandwidth  of  approx¬ 
imately  5  iMcps.  This  high-gain  amplifier,  together  with  the  1N625  limiter  pair,  effectively 
normalizes  the  rise  time  of  the  blocking  oscillator  trigger  signal  to  about  0,1  (xsec. 

The  blogk.'ng  oscillator  section  of  the  piokoff  Uiiipuiiei'  package  produces  a  nominal  0.5-pseo 
pulse  with  a  rise  time  of  Bmpsee  Into  a  t-kllohm,  50-pf  load.  The  field  of  one  hundred  O.S-psec 
pulses  is  gated  under  control  of  tho  computer  control  word  and  the  patch  panel  wiring.  The  en¬ 
coded  set  of  triggering  pulses  for  the  high-speed  flip-flop  are  differentiated  b,v  passing  the  fast- 
rlac  O.S-paec  pulses  through  a  high-pass  filter. 

The  coding  of  the  triggering  pulses  Is  NRZ  in  that  they  are  applied  to  the  complement  input 
of  the  fUp-flpn,  The  m«.ln.  nfivantage  of  this  type  of  coding  is  that  11  mlnlrntst-es  th*  numbpr  of. 
fast  gate  circuits  that  computer -word,  decodlng-matrlx,  buffer  amplifiers  need  drive,  Fig¬ 
ure  2.i03(a)  ehows  one  possible  set  of  flip-flop  triggering  pulses,  Fig.  2-103(b)  shows  the  re¬ 
sulting  video  waveform,  and  Fig,  2-103(c)  demonstrates  how  long,  multiple-burst  wave  trains 
are  formed  through  an  appropriate  choice  of  burst  repetition  frequency. 

The  system  will  track  for  small  changes  In  the  level  of  the  i  -psec  BRF  pulse.  The  loading 
edge  of  the  pulse  train  may  shift  slightly  v/lth  respect  to  t^^,  but  the  pulse  train  will  hang  together. 
Amplitude  regulation  of  the  BRF  pulse  may  be  employed  in  systems  where  absolute  burst-to-burat 
registration  is  required. 

Relative  registration  tests  have  shown  tliat  two  buffer -amplifier  -  blocking  oscillator  units 
will  track  to  within  Brnpsec  for  constant  Input  pulse  level.  Part  of  this  jitter  was  probably  due 
to  oscilloscope  synchronizing  difficulties. 

The  high-speed  flip-flop  deserves  some  comment.  The  schematic  diagram  of  the  nip-flop 
is  given  ii'  Fig,  2-104,  which  shows  the  flip-flop  complete  with  all  gating  circuits  and  with  its 
c.'iscodc  output  ainplirie.ra.  The  configuration  has  a  200-u)iin  output  impedsnen  in  either  state 
and  a  waveform  rise  and  fell  time  of  Bmnsec.  Figure  2-105  shows  same  flip-flop  performance 
ptiotographs  taken  on  a  Hewlett-Packard  185B  sampling  oscilloscope.  It  is  clear  that  a  simpli¬ 
fied  version  of  the  same  basic  internal  flip-flop  could  be  employed  where  system  requirements 
arc  less  severe. 
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>.2-104.  Scheoicrtie  cri«9n»  ol  aC^Mcpi  Iliirflop, 
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(o)  Upp«r  tre';(‘:  "1 "  itds,  output 
Lowa.  tracoi  tilggor  puliai 
Vortical  »eole:  iv/cm 
Horizontal  icolo:  50mpioc/cm 


(b)  Uppar  trncai  *1 '  tide,  output 
Lower  truco:  S0-Mcp>  ilno-wovs 
trlaotr  Input 

Vyi  1  v/em,  H^!  26m(uaq,^cm 
Vj »  2  v/em ,  20  mp«ee/em 


(e)  Uepar  traeei  "I*  ilda,  flip-flop 
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Lower  troeei  trigger  pulie 
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(d)  l^par  trace;  "1*  tide,  fMp-flep 
fall  tlma 

Lower  trace;  trigger  pulic 
Vyt  0.5v/cm,  Hy!  lOmfjter^cm 

V^j  2v/em,  lOmpie^ciK 


Fig.  2-105.  HIgh-ipssd  flip-flop  performance  photogrophi. 


CHAPTER  Vin 
TEST  EQUIPMENT 


SUMMARY  S.  SpoeiTl 

This  chapter  deala  with  the  various  types  of  special-purpose  teat  equipment  which  were 
developed  to  simplify  the  teatlns  and  moiiltorJng  of  phased  array  systems  and  their  oomponents. 
The  test  equipment  conslota  of  four  basic  teat  units:  an  IF  sampler,  an  automatic  pttaso  meter, 
a  coherent  frequency  synthesizer  and  an  automatic  data  printer.  One  uomblnatlun  of  these  test 
units,  used  to  monitor  the  phase  and  .amplitude  stability  of  eight  receiver  strips,  is  described 
as  a  test  system.  This  is  followed  by  a  mure  detailed  description  of  the  test  units  themselves, 
as  well  as  the  HUxlUary  equipment  used  in  conjunction  with  them. 

A.  INTRODUCTION 

The  test  equipment  concept  and  the  basic  types  of  teat  equipment  were  discussed  In  a  pre¬ 
vious  report.*  Since  that  time,  the  prototype  teat  equipiueilt  has  been  improved  and  rebuilt  in 
more  permanent  form. 

This  chapter  describes  the  teet  equipment  in  its  present  form.  The  individual  test  units 
may  be  uead  singly  or  In  combination,  depending  on  tho  test  requlrcmonts.  One  combination, 
the  test  system  which  i«  tiseri  to  monitor  the  phase  and  amplitude  stability  of  eight  receiver 
strips,  is  described  first.  This  is  followed  by  a  detailed  description  of  the  individual  test  units. 
Two  of  these,  tho  IF  sampler  end  the  automatic  phase  meter,  were  built  from  special-purpose 
printed-circuit  boards  which  were  designed  for  mixed  (part  analog,  part  digital)  system  applica¬ 
tions.  Accordingly,  one  section  Is  devoted  to  a  brief  description  of  these  boards  and  their  more 
important  characterlstlcn.  The  last  section  covers  the  auxiliary  equipment  used  in  conjunction 
with  tho  basic  test  units. 

fi.  DESCRIPTION  OF  TEST  SYSTEM 

The  teat  system  described  In  this  section  uonsiats  of  four  basic  test  units'!  intorcotmected 
in  B.  pai-tlcular  way,  This  arrangement  is  used  to  monitor  the  outputs  of  eight  receiver  strips, 
or  porttona  thereof.  The  amplitude  and  relative  phase  shift  of  each  channel  output  are  recorded 
as  a  function  of  time.  B'lgure  2-106  shows  tho  test  units  that  make  up  the  test  system, 

A  block  diagram  of  tho  teet  system  is  shown  in  Fig.  2-107,  The  coherent  frequency  synthe¬ 
sizer  supplies  a  set  of  teet  and  local  oscillator  signals  to  the  receiver  test  rack.  The  test  rack 
is  provided  with  two  hybrid  co.:porctc  feeds  to  distribute  B70-  and  900"Mcp8  signals  to  each  of 
the  eight  receiver  strips. 

Two  eight-way  resistive  power  dividers  are  provided  for  distribution  of  lower-frequency 
elgnals.  The  eight  receiver  strip  outputs  are  fed  to  a  set  of  auxiliary  mixers,  where  they  are 
converted  to  a  200-krpo  Intermediate  frequency  and  fed  to  the  IP  sampler.  The  IF  sampler 
serves  a»  an  electronic  switch  for  the  phase  meter  and  the  diode  (amplitude)  detector. 

The  automatic  data  printer  provides  the  master  control  for  the  system,  It  initiates  a  read¬ 
ing  cycle,  prints  an  amplitude  reading,  and  advances  the  IF  sampler  to  the  next  cliannel.  After 


"J.L.  Allan,  at  ql.,  "Photed  Array  Radar  Sludlai,  )  July  19^9  to  1  July  1960/'  Tachnteol  Raport  No.  338  {U|, 
Lincoln  Laboratory,  M.t.T.  (ISAuguit  1960),  Port  2,Cfi.Vm,  ASTIA  249470, 

tCoharsnt  frequency  lynthwlzar,  IF  lomplar,  autometle  phaia  meter  ond  automatic  data  printer. 


163 


tosu.  OKILLATOft  P«R  AUKILIANV  UIXCU 


Fig.  2-107.  Block  diagram  of  rMt  lyftHn. 
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all  the  channel  amplltudea  have  been  printed.  It  reaeta  the  aampior  and  repeats  the  eycle  to  pi'O- 
vldH  a  act  of  phase  readings.  Provision  Is  made  to  monitor  additional  variables,  nnci  the  auto- 
matlc  data  printer  may  also  be  used  to  make  programmed  changes  In  the  teat  condlilona  at  se¬ 
lected  points  in  the  reading  sequence. 

A  variation  of  the  test  system.  In  which  the  automatic  data  printer  is  replacetl  by  a  monitor - 
oscilloscope,  la  used  with  the  i6-element  receiving  array.  The  dual-channel  oscilloscope  pro¬ 
vides  p.  vlaual  display  of  the  phase  and  amplitude  of  the  IP  .sampler  output.  The  IP  sampler  trig¬ 
gers  the  scope  sweep  when  it  switches  to  channel  1  so  that  all  sixteen  channels  ai  a  dUpUyeU  In 
sequence.  The  display  can  be  used  for  monitoring  the  performance  of  the  receiving  array  and 
for  periodic  adjustment  of  the  channel  phase  and  amplitude  controls.  The  system  is  capable  of 
being  expanded  to  handle  larger  receiving  arrays  (see  Sec.  F-3  on  IF  sampler  serial  connection). 

C.  COHERENT  FREQUENCY  SYNTHESIZER 

1.  Function 

The  coherent  frequency  synthesiser  supplies  the  test  and  local  oscillator  frequencies  re¬ 
quired  for  the  operation  and  testing  of  the  16-eloment  linear  receiving  array.  All  frequencies 
are  derived  from  a  single  oscillator  through  multiplicative  and  additive  (heterodyne)  operations, 
This  arrangement  makes  It  possible  to  use  an  external  low-frequency  sync  for  an  osclllosoops 
while  observing  signals  anywhere  In  the  system.'*'  All  output  frequencies  can  be  maintained  with 
a  high  degree  of  accuracy  by  using  a  frequency  standard  as  the  basic  osciUslor. 

2.  Design  jRequlrements 

Experience  has  shown  that  a  stable  source  of  lest  frequencies  Is  p  necessity  for  the  efficient 
maintenance  of  a  phased  array  receiver  and  the  testing  of  phased  array  components,  The  large 
number  of  components  Involved  In  a  phased  array  system  requires  that  test  and  alignment  pro¬ 
cedures  be  standardised  and  as  simple  as  possible.  To  this  end,  a  test  frequenc,y  source  ihould 
liave  the  iollowlng  oharacterletlcs: 

(a)  It  ohould  provide  a  number  of  well  Isolated  outpute  at  each  frequency 

of  interest.  The  output  Impedance  should  be  compatible  with  a  etanderd 
type  of  coaxial  cable. 

(b)  The  frequency  and  amplitude  of  the  outpute  ehould  be  stable  and  well 
known  (preferably  standardised  at  a  convenient  power  level).  All  out¬ 
puts  of  the  same  frequency  ehould  be  phaee  stable  with  reepeot  to  each 
other, 

(c)  Spurious  outputs  should  have  negligible  effect  on  the  aucuraoy  of  the 
majority  of  teste  to  be  performed.  A  level  of  -60  db  relative  to  the  de¬ 
sired  output  should  be  adequate.  (Additional  filtering  can  be  supplied 
for  critical  tests.) 

(d)  RF  radiation  should  be  minimized,  and  adequate  power  line  filtering 
should  bo  provided. 

(e)  The  system  should  be  readily  expandable  to  meet  changing  .requirements, 

(f)  Outputs  should  be  immune  to  abuses  such  as  being  Improperly  loaded. 

Oscillations  should  not  occur  under  any  load  condition  (e.g.,  unterminated 
coaxial  cable). 


*A  umpllng  oiclUoiccp*  con  be  uted  for  frequenclei  above  30  Mept  without  encounterirv  the  usuol  fHobiem  of 
providing  a  lultoble  triggering  tlgnal. 


3 .  Block  DiagraiT)  and  Packaging 

Figure  Z-108  is  a  block  dtugrarn  of  thr  synthesiier  in  its  present  form.  Because  of  ti>e  mod* 
ular  construction,  it  i«i  possible  io  add  r.er.'  frequency  outputs  as  the  need  for  them  arises,  'Hie 
block  disgrani  is  divided  Into  two  santlons  corresponding  to  the  physical  separation  of  the  syn¬ 
thesizer  into  two  units. 

The  low-frequcncy  unit  [Fig.  2-i09{a)J  provides  output  frequoncles  up  to  30  Mops,  It  con¬ 
sists  of  a  Manson  RDt40A  l-Mvpo  i:tablc  osi  tllalur,  a  Mansoii  SLilZB  reganeratlve  freqtiency 
divider,  and  a  number  of  forced  etr-cooled  plug-ln  modules  [Figs.  2-109(b)  ami  (c)].  A  three- 
tube  conflgiu  ation  is  used  tor  mixing  and  frequency  multiplication,  whereas  the  output  power 
amplifier  modules  contain  two  tubes.  Air  is  forced  through  the  chimney  formsd  hy  the  tube  com¬ 
partments  of  ilie  plug-in  modules  by  a  blcwer  unit  located  just  below  the  module  subraoks.  The 
blower  unit  also  functions  as  the  power  control  and  distribution  panel. 

The  high-frequency  unit,  v/hlch  provides  outputs  at  370  unu  900  Mops,  is  not  shown  In  its 
entirety,  but  several  of  the  plwg-ln  modules  are  displayed  !.n  Fig.  2-HO. 

4.  Characteristics 

Low-Fruquency  Synthesizer  Unit:-  The  low-frequency  synthesizer  unit  provides  output 
frequencies  at  100  and  200  keps,  and  1,  1.8,  2,  10,  28,  29.8  and  30  Mops.  The  frequency  stabil¬ 
ity  of  these  outputs  Is  determined  by  the  i-Mcps  basic  oscillator  which  is  quoted  to  be  1  part  In 
8  Q 

10  per  day  and  i  parts  in  10  per  minute  at  25*C. 

The  mixer  and  frequency -multiplier  modules  have  a  nominal  output  of  3  volts  peak-to-peak 
liiio  90  uhns.  The  power  amplifier  modules  provide  an  output  of  4  watts  (40v  p-p  into  SO  ohms) 
and  have  protective  AQC  to  prevent  acrean  grid  damage  in  the  output  tube  If  the  load  Is  removed. 
Spurious  outputs  are  loss  than  -60r'b  (relative  to  the  4-watt  output  level). 

Forced-air  cooling  Insures  cool  operation  of  the  tubas  and  other  components  at  a  relatively 
liigh  vacuum  tubs  packing  density. 

Six-v.'sy  resistive  power  splUiers  sre  employed  to  provide  multiple  outputs  at  each  frequency, 
with  excellent  rolstlve  pho.si’.  ar.';  amplitude  stability.  These  can  hancllc  10  watts  of  Input  power 
and  have  an  attenuation  of  19.3  db  a  o.sdb  from  the  input  to  any  one  of  the  six  outputs,  Output 
Imoedence  la  SO  ohms,  and  the  tsolatinri  between  oirtnuts  Is  48db  at  30  Mops  (when  the  Input  Is 
connected  to  a  power  smpUfler). 

The  absolute  amplitude  of  the  outputs  up  to  30  Mops  was  monitored  for  a  period  of  several 
days  and  found  to  vary  lees  than  0.2Sdb. 

High-Frequency  Synthesizer  Unit!-  The  htgh-lroquency  power  amplifier  modules  pro¬ 
vide  S  watts  of  output  at  870  end  900Mcpe.  A  iV.lurolab  signal  sampler  tee  extracts  and  rectifies 
a  small  portion  of  the  output  power  to  provide  an  output  level  monitor  (a  0-1  ma  meter)  on  the 
front  pane). 

D.  AUTOMATIC  DATA  PRINTER 

1 .  Introduction 

The  process  of  testing  phased  array  systems  and  components  Involves  the  aouuinulation  and 
evaluation  of  a  largi^  amount  oi  phase  and  amplitude  stability  data.  Both  short-term  and  long¬ 
term  tiffects  are  of  Interest,  olnoc  equipment  must  first  be  made  stable  over  the  short  term  al¬ 
though,  ultimately,  long-term  stability  is  very  important.  Short-lerm  data  present  the  least 
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dltflciilty  because  of  file  short  itee  spans  Involved,  The  long-term  data,  on  the  other  hand,  can 
present  a  tremendous  corrolntion  and  reductlcis  problem,  to  say  nothing  of  the  Initial  recording 
task. 

A  digital  data  recording  system  aitnplifios  the  recording  and  processing  of  long-term  data 
for  aovoru.l  reasons.  A  single  system  can  be  made  to  handle  a  large  amount  of  data  auionioti- 
cally.  The  data  are  recorded  In  a  compact  form,  since  readings  arc  taken  only  when  desired. 

In  addition,  data  can  be  recorded  in  a  ap.^cifio  time  uequence  to  simplify  the  correlation  of  cause 
and  effect  when  the  data  are  proceased.  Finally,  the  digital  form  of  the  output  record  is  thei  most 
convenient  one  for  subsequent  data  reduction. 

The  application  of  digital  recording  tecluiiques  to  a  phased  array  testing  program  requires 
a  particular  type  of  digital  dati?  system  In  order  to  make  full  use  of  tha  potential  of  the  resulting 
teat  systum.  A  special-purpose  machine  is  required  which  can  serve  as  the  master  control  ele¬ 
ment  In  the  teat  syntetn  and  which  makes  full  r.se  of  the  capabilities  of  the  other  tost  equipment. 
The  format  of  the  output  record  is  of  prime  Importance,  since  it  determines  how  easily  the  data 
can  bo  proenssed. 

2.  Function 

The  automatic  data  printer  was  developed  to  serve  as  a  special-purpose  control  and  digital 
data  recording  system  fur  phased  array  monitoring  and  component  testing,  It  Is  a  versatile, 
self-contained  unit  which  can  be  used  Independently  as  a  digital  voltmeter/data  recorder,  or  It 
can  he  tied  In  with  other  units  to  form  a  teat  system  such  as  the  oife  described  in  Sec.  B, 

a.  Over -All  Description 

The  Automntlc  data  printer  Is  an  aggregate  of  six  separate  unite  which  share  a  single  5 -foot 
relay  rack.  A  front  view  of  this  rack  is  shown  in  Fig,  2-lil.  Three  of  the  unite  (the  digital  clock 
digital  voltmnter,  and  relay-controlled  typewriter)  are  standard  commercial  items.  The  timer, 
control  unit,  and  pulaer  are  epeciai-purposo  units  which  perform  the  system  control  functions. 

The  timer  controls  the  interval  between  reading  eycioe.  It  is  Interlocked  with  the  dlgUal 
clock  so  that  the  control  unit  Is  not  started  until  the  digital  clock  readout  changes.  This  pt-evenls 
time  indication  change  while  the  clock  time  is  being  printed  (at  the  beglrmlng  of  a  reading  cycle) 
and  provides  consletnnt  synohronlzation  of  the  reading  cycle  with  the  minutes'  digit  of  the  clock. 
The  reeding  interval  may  be  set  In  one-minute  steps  from  one  minute  to  one  hour.  The  timer 
also  determines  tlie  allowable  voltmetei’  cyoling  time.  If  the  voltmeter  should  fall  to  ei'op  cycling 
within  a  presnt  time  (up  to  60  seconds)  due  to  noise  on  the  input,  the  timer  will  stop  the  voltmeter 
(via  the  hold  line)  and  cause  the  typewriter  to  print  the  reading  preceded  by  a  symbol  for  error. 

The  digital  voltmeter  that  waa  eelectod  le  of  the  "bracketing"  type.  The  most  significant  dlg« 
its  settle  first,  followed  by  the  least  elgniflcant.  Although  not  quite  eo  fast  as  some  other  logic, 
this  arrangement  offera  better  accuracy  in  the  presence  of  noise.  If  the  voltmetet  la  caused  to 
lock  up  Willie  the  least  significant  digits  are  still  cycling,  the  reading  may  still  bn  approximately 
correct,  whereas  a  voltRxetnr  of  tho  "non-brnc.ketlng"  type  may  give  completely  erroneous  re- 
Bults.  A  second  feature  that  was  felt  to  be  essential  Is  decimal  lock-up,  or  fixed-dnctmal  oper¬ 
ation.  TlUe  allows  the  sensitivity  of  the  voltmeter  to  be  set  just  high  enough  for  the  test  re¬ 
quirements,  thus  reducing  the  cycling  time.  The  sensitivity  can  also  be  kept  below  the  ripple 
and  noise  level  of  the  DC  voltages  being  monitored,  thus  preventing  excessive  meter  cycling. 
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The  control  unit  throe  functions:  It  serves  ah  an  input  pcnnner  for  the  digital  voltinetor. 
it  provides  parallel-to-serial  conversion  for  the  typewriter,  and  It  determines  the  operstlng  cycle 
of  the  automatic  data  printer  ant)  any  auxiliary  equipment  that  may  be  need,  /ilthough  the  bselc 
operating  program  of  the  control  unit  is  fixed,  the  program  details  can  be  tailored  to  the  test  sit¬ 
uation  through  Die  usci  of  the  patcl<  panel. 

The  stepping  switches  in  the  control  unit  and  the  relay-  controlled  typawriter  arc  powered  by 
the  pulBor  which  supplies  Z-i-volt,  SO-msec  pulses  at  a  repetition  rate  of  h  pulses  per  second. 
Since  all  stepping  switches  sr-e  of  the  type  which  cock  when  energized  and  advance  w.hen  de¬ 
energized,  no  (inductive)  circuits  are  breken  during  the  duration  of  the  pulse;  thus  arcing  is  min- 
Imlzed.  The  pulser  output  transistor  serves  as  a  damper  for  the  inductive  transients. 

4,  Control  Unit  Details  and  Operating  Cycle 

The  circuit  dlsgiam  oi  the  control  unit  is  shown  In  Fig.  Z-ilZ,  Only  one  deck  of  each  step¬ 
ping  switch  Is  shown;  the  rest  are  wired  to  the  patch  panel  and  to  the  signal  inputs,  The  stopping 
switch  wiper  arms  are  grounded  for  uniformity. 

Stepping  switch  1  serializes  the  clock  time  and  makes  one  revolution  at  the  beginning  of  a 
reading  cycle.  Operation  is  then  transferred  to  stepping  switch  2  which  serializes  the  digital 
voltmeter  reading.  Every  revolution  of  SS  (stepping  switch)  2  advances  SS  3  (the  Input  selector) 
ono  step.  SS  3  has  three  decks  brought  up  to  the  patch  panel  so  that  a  three-character  code  can 
be  assigned  to  each  input  pocitlon.  When  the  input  selector  reaches  the  oamo  position  as  the  re¬ 
set  selector,  the  control  unit  is  reset  and  is  ready  for  s  new  reading  cycle. 

Stepping  switch  2  triggers  the  digital  voltmeter  through  the  PP  (patoh  panel)  start  line.  Ones 
triggered,  the  voltmeter  cycles  until  it  oomplstea  a  reading.  Meanwhile,  SS  2  is  allowed  to  con> 
timio  to  the  FF  stop  position  which  Immediately  preoedes  the  contacts  used  to  serialize  (and  print) 
the  digital  voltmeter  reading.  It  can  not  continue  past  this  point  while  the  voltmeter  is  cycling. 

5,  SptcUl  Features 

The  revolutions  of  SS  2  can  be  used  to  advance  S3  3  directly  (Internal  advance)  or  they  pan 
be  used  to  provide  advance  pulsee  for  an  ext->rnal  switch  (such  as  the  IK  sampler).  The  external 
switc.h  then  advances  SS  3  every  time  It  resets  (external  advance).  This  mode  of  operation  is 
used  to  take  a  line  of  amplitude  readings  followed  by  a  line  of  phase  readings  (data  group). 

The  patch  panel  contacts  of  .SS  1,  SS  2  and  SS  3  are  used  to  print  the  clock  reading,  the  dig¬ 
ital  voltmeter  reading,  and  the  three -character  input  code,  respectively.  The  grounded  wlpsr 
operation  of  these  stepping  evrltchos  permits  the  convenient  use  of  uni'jsd  c '.ets  for  the  control 
of  external  relays  (such  ns  coaxial  relays)  to  provide  programmed  changes  In  the  test  conditions 
at  aolected  points  in  the  i  ueding  sequence. 

6,  Alternate  Controller 

An  alternate  control  unit  for  the  automotlc  data  printer  Is  shown  In  Fig,  2-113,  I'he  sequence 
of  operation  Is  completely  controlled  by  stepping  switches  and  mechanical  latching  relays  to  pre¬ 
vent  "memory  loss"  in  the  event  of  power  failure  during  the  operating  cycle.  A  fourth  stepping 
switch  has  been  added  to  permit  "one-way"  control  of  the  IP  sampler  by  the  printer  (IP  sampler 
advance  and  reset  pulses  provided  by  the  automatic  data  printer).  This  arrangement  pormltc 
the  printing  of  data  groups  with  nonuniform  subdivisions.  For  example,  five  Inputs  might  he 


171 


Fifl.  2-1 12.  Circuit  diogrom  of  automatic  data  printer  control 
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Fig.  2-113.  Alltimafe  control  for  outomotic  datia  printer 
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scanned  firat,  correanonding  to  selected  system  test  points,  folj  ■  >i,-  eight  ainplfUn’"  .‘•nd  el;,-  ' 

phase  readings. 

t.  SPECIAL-PURPOSE  PRINTED- CIRCUIT  BOARDS 

1.  Introduction  and  Function 

A  number  of  speoial-purpoec  printed -circuit  boards  were  devcioped  to  serve  as  b.  .,t; 
blocks  for  test  systems  of  a  mixed  (analog  and  digital)  nature.  Twote.st  units  weredes  v  t. 
these  boards  and  are  riescrlbad  In  the  next  two  aentlonn.  These  are  the  IF  sampler  an’.  •  ..mto- 
matlc  phaee  meter.  This  section  provides  a  brief  description  of  the  most  commonly  i.'.-'.-,*  jpecial- 
purpose  boards. 

2.  Basic  Digital  Oates 

A  printed-clrcuU  board  containing  four  3-lnput  NOR  gates  serves  as  the  primary  logic  ele¬ 
ment.  Two  of  ihc  ihree  inputs  are  direct  and  are  symbolized  by  arrows  touching  unah.aded  sides 
of  the  gate  symbol.  The  third  (Inverting)  Input  is  sytnLuUzed  by  an  arrow  touching  the  shiaded 
side  of  the  cymbol.  Four  Inverters  are  also  provided.  These  can  be  used  to  transform  the  basic 
NOR  gales  into  AND  gatee  or  OH  gates. 

The  logic  levels  are  -10  volts  for  a  zero  and  +4.S  volts  for  a  one.  Complete  transition  of 
gate  or  Inverter  outputs  occurs  with  an  Input  swing  of  (less  than)  -4  volts  to  HO. 6  volt.  One  gate 
or  one  Inverter  will  drive  sLx  other  gates  or  Invcrtcra. 

A  diode  (OH)  gate  board  with  three  3-input  and  four  2-input  diode  OR  gateli  is  used  in  con¬ 
junction  with  the  NOR  gate  boards  to  provide  more  efficient  transistor  and  spacs  utilization  when 
more  titan  a  few  gate  boards  are  required.  Each  diode  gate  la  capable  of  driving  one  inverting 
and  one  direct  NOR  gate  input.  (The  NOR  gate  restorea  the  logic  levels.) 

3.  Itemote  Control  Qates 

The  remote  control  gates  utilize  special  24-volt  relays  which  are  designed  for  printed-circuit 
board  use.  These  relays  have  3-msec  pickup  and  dropout  tlmue  and  require  IS  ms  of  control  cur¬ 
rent.  The  use  of  these  relays  simpltflBs  the  remote  control  of  solid  state  logic  circuits  (such  as 
the  NOR  gates). 

The  Control  Re-lay  Board  is  a  relay  logic  board  whlcli  provides  the  mode  control  for  the  IF 
sampler. 

The  Besot  and  One  Pulse  Oats  provides  remote  control  (through  relays)  of  the  binary  counter 
state  (count)  which  will  provide  a  reset  pulse.  It  also  provides  a  separate  output  pulse  on  the 
count  of  one.  The  use  of  relays  removes  the  necessity  for  transmitting  puUed  waveforms  over 
long  cable  runs. 

4.  IF  Gates 

Two  types  of  digitally  controlled  analog  signal  gates  (ZOOkeps)  were  developed  for  special 
appllcatione.  Both  types  are  controlled  by  a  3-blt  binary  word.  Figures  2-114(a)  and  (b)  are 
photographe  of  the  gatea. 

The  Signal  Gate  Board  (IF  sompler  gate)  contains  two  gates  with  separate  signal  Inputs  and 
a  common  signal  output.  The  Input  Impedance  is  Bkiloluns  at  200)icpa,  and  the  output  is  designed 
to  work  Into  a  2-kilolun  resialor  to  grotiml.  ^^Ie  (gate  on)  gain  is  constant  at  0.45  from  100  to 
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300kcps,  and  ihe  (gate  off)  leakage  is  down  60  db.  The  maximum  signal  input  is  2  volts  peak-ko- 
peak.  Amplitude  and  phase  trimmers  are  pr^vijed  so  tiiat  ail  gates  can  be  adjusted  for  identioal 
characteristics. 

The  Delay  Line  Gate  Board  (for  the  automatic  phase  meter)  contains  two  gates  with  common 
signal  input  and  signal  output  connections.  Provision  la  made  for  up  to  two  delay  lines  in  each 
gate's  signal  path.  These  delay  llnea  are  chosen  to  provide  phase  shift  multiples  of  20*  at  a 
2uJ-kcps  signal  frequency.  A  set  of  five  gate  boards  (ton  gates)  will  provide  20*  phase  Inoretnents 
from  0*  to  160*.  The  gatea  should  be  fed  from  a  2-kllohni  source,  and  the  output  line  anould  be 
terminated  In  2  ktlohma  (to  match  the  2-kilahm  characteristic  impedance  of  the  delay  lines). 

Both  the  signal  and  delay  line  gatec  were  tested  over  the  temperature  range  2.5*  to  S0*C.  TTie 
amplitude  and  phase  changes  were  less  than  U.i.  db  and  I'',  respectively. 

S.  Other  Printed-Circuit  Boards 

The  Delayed  AND  Gate  Board  contains  two  4-input  AND  gafee.  Two  of  the  inputs  are  dipsoi 
and  two  aro  inverting.  The  gate  output  is  delayed  0.5  to  6paec,  depending  on  tho  delay  line  used. 

The  Dual  Driver  Board  contains  two  cable  driving  amplifiers  capable  of  4  volts  peak-to-peek 
into  50  ohms.  The  gain  Is  2  at  ZOOkeps,  and  the  3~db  points  occur  ul  15  and  600kcpa. 

The  Fast  Trigger  Board  contains  two  shaping  circuits  with  a  gain  (slope  multiplication)  of 
1000.  The  inputs  are  designed  for  2-kcps  to  2-Mcpa  sine-wave  Signals  with  a  minimum  amplitude 
of  2  vollb  p-p.  Tlie  output  waveform  is  a  10  to  +8  volt  square  wave  with  SO.naec  rise  time  and 
1-paec  fall  time  (with  an  mput  frequency  of  200kcpa  and  an  output  load  of  SOpf). 

The  Slno  Trigger  Flip-Flop  Board  utUlges  one  of  the  shaping  circuits  used  on  the  fdst  trigger 
board.  The  shaper  permits  triggering  of  a  flip-flop  (located  on  the  other  half  of  the  board)  with 
a  sine-wave  input  of  greater  than  4  volts  p-p.  The  frequency  range  la  lOkeps  to  1  Mops, 

The  Forward -Backward  Counter  Board  contains  a  flip-flop  with  gated  carry  output.  When 
the  add  (gate)  line  Is  energized,  the  output  pulse  cccure  on  the  flip-flop  transition  to  a  zero, 
whereas  the  subtract  (gate)  line  causes  an  output  pulse  to  occur  on  the  transition  to  a  ona, 

The  Dual  Voltage  Comparator  Board  consists  of  two  separate  comparing  otrouiti.  Baoh  oir- 
cutt  provldee  an  output  C'oiis")  when  the  Input  voltage  exceeds  a  reference  threshold.  The  sen¬ 
sitivity  for  a  complete  ewitch  Is  10  rov. 

The  Integrate  and  Store  Board  provides  a  voltage  output  proportional  to  the  Integral  of  the 
Input  current  (rise  Input)  when  the  dump  ch-cutt  Is  released,  The  dump  circuit  returns  the  out¬ 
put  voltage  to  zero  when  It  is  energized. 

The  Multiple  Differenttaior/Adder  Board  has  ton  inputa  and  one  output.  A  5 -volt  (min), 
200-volt/uaec  (rise  elope),  poaitlve-golng  atep  at  any  one  of  the  Inputa  will  produce  a  O.S-paec 
pulse  In  the  output. 

F.  IF  SAMPLER 

1.  Function 

The  IF  sampler  serves  as  an  electronic  switch  far  low-frequency  (lOO  to  lOOkeps)  signels. 

It  finds  Its  primary  application  in  the  monitoring  of  a  number  of  receiver  channel  outputs.  Each 
channel  output  la  sampled  in  sequence  and  fed  to  a  coRimun  output  line.  The  output  line  provides 
a  composite  IF  elgnsl  (the  receiver  channel  outputs  In  sequence)  from  which  phase  and  amplitude 
information  may  be  extracted.  The  phase  and  amplitude  detectors  may  be  made  quite  romplex, 
alnce  only  one  cf  eoch  la  required. 


2.  Construction 


The  IF  sampler  rack  is  shown  In  Fig.  2-115.  The  earopler  ItaoU'  oonslstB  of  the  printed  card 
subrttck  (near  the  bottom  of  the  rack)  and  the  control  sox  located  Just  above  It.  A  remote  control 
box  Is  not  stiown.  The  panel  below  the  printed  card  Bubra^k  contains  the  auxlltavy  mlxara  for 
the  IF  sampler.  These  mixers  (described  In  Sec.  H-1)  extend  the  range  of  the  sampler  inputb  to 
cover  frequencies  up  to  30  Mepa. 

The  IF  sampler  circuitry  can  be  conveniently  separated  Into  two  functional  categnrleR.  One 
cBtcKory  Includes  the  slgital  gates  (see  Sec.E-4);  the  other  encompasses  all  the  control  circuitry. 

The  signal  gates  ware  designed  for  uniform  transfer  functions  when  conducting  and  high  loss 
when  nonconducting  (low  leakage).  In  audition.  It  was  desired  tiiat  the  av.'ltclung  transients  be 
held  to  a  minimum. 

The  primary  concern,  however,  was  the  IF  sampler  control  clroultry.  A  versatile  control 
with  a  variety  of  operating  modes  was  desired  which  would  enable  the  sampler  to  be  used  in  con¬ 
junction  with  other  t  »st  units.  Figure  >.-116  la  a  block  dUgram  of  the  IF  sampler  control  cir¬ 
cuitry.  Figure  2..117  sliows  the  local  ahd  remote  control  box  eoimect'ons. 


3.  Modes  of  Operation  and  Poriormancs 


The  IF  sampler  signal  gates  are  divided  Into  two  groups.  These  groups,  the  A  gates  and  ths 
B  gates,  are  operated  either  siitgly  In  sequence  or  concurrently  In  pairs.  The  9INQLE/DUAL 
switch  determines  whether  the  sampler  functions  as  a  single-pole,  i6-poaltlQn  electronic  switch 
or  as  a  double-pole,  fi-positlon  switch.  The  double-pole  (DUAL)  operation  allows  switching  of 
both  the  signal  and  reference  Inputa  of  a  phase  meter  to  permit  time-shared  monitoring  of  in¬ 
dependent  teat  setups. 

The  gates  are  oontrellad  by  a  binary  counter.  Ths  A  gaCss  are  set  so  that  one  gate  opens 
on  each  of  the  following  counts!  0,  1,  2,  3,  i,  »,  6,  7,  S-iS,  i6-31.  The  B  gates  open  on  the 
counts  a,  9,  iC,  11,  12.  13,  14,  IS.  16-31,  0-7on»lNQLE.  atwl  on  Ih*  oounts  0,  1,  2,  3,  4,  5, 


6,  1,  8-15,  16-31  on  DUAL, 

The  pertinent  gate  cliaracterletlos  aro! 

Transient  disturbance 
Signal  output 
Leakage 


Onte  input  Impedance 
Channel  voltage  transfer  ratio 


Iv  peak,  SjiSBC  .msK 
2v  p-p  max  into  50  ohms 

-40  db  (at  ZOOkops;  all  channels 
fed  in  phase  except  for  selected 
ahsnncl  which  le  termlnsted  in 
50  ohms) 

8  kllohms  St  200  kops 
0.9  from  100  to  300  kupe 


The  binary  counter  which  controls  the  sampler  gates  Is  controlled  In  turn  by  the  CHANNEL 
SELECTOR  (binary  switches)  and  the  MODE  switch,  On  the  MANUAL  mods,  the  CHANNEL 
SELECTOR  stops  the  counter  on  the  selected  count.  On  sll  other  modes,  the  CHANNEL  SELEC¬ 
TOR  Junctions  as  a  reset  selector  and  resets  the  counter  on  the  selected  count. 

On  the  rONTiNtJOUS  mode,  the  counter  Is  triggered  by  an  oxtsrnal  sine-wave  input  (BINE 
INPUT)  with  1  volt  p-p  minimum  ampli.aos  and  a  frequency  range  of  2  kops  to  i  Mops.  The 
SAMPLE  TIME  switches  control  the  number  of  binary  countdowns  that  o.ocur  before  the  triggers 
are  applied  to  the  gate-controlling  counter,  Sample  times  of  4,  8,  16,  32,  64,  128,  256  and  512 
times  tlie  bine-wave  input  period  may  thus  be  obtained. 
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Fig.  2-1 16.  Block  diagra.ni  of  IF  sompler 


REMOTE  BOX  I  LOCAL  BOX  i  COilTBOL  RELAY  BOARD 


Ftfl-  2-117.  IF  s&nq>|«r  control  wiring. 


The  nOK'nNT-TOUS  TRIGGERED  mode  la  shnJlar  to  thfi  CONTTITOOUS  modi!  except  that  the 
gate -controlling  counter  is  advanced  by  pulsea  applied  to  the  TRIGGER  INPUT, 

On  the  PULSE  TRIGGERED  mode,  the  counter  1|>  also  advanced  by  pulaea  appliend  to  ttw 
TRIGGER  INPUT,  provided  an  arming  pulae  hae  first  been  applied  to  the  START  PULSE  1,NPUT. 
When  thn  counter  reaches  the  same  etate  ae  the  CHANNEL  SELECTOR,  the  counter  in  reitet  to 
zero  and  all  suhuequent  tiiggor  pulaci'  are  i3t«o*Bu  to  tlic  TRIGGER  OUTPUT  (until  the  applica¬ 
tion  of  another  start  pulss). 

The  counter  may  be  reset  at  any  time  through  the  EXTERNAL  RESET  INPUT.  Tha  sampler 
provldet:  an  output  pulse  when  It  resets  (RE.SET  OUT)  and  wldle  It  la  on  channel  1  (ONE  PULSE 
OUT). 

Figure  2-118  shows  the  interconnections  for  cascading  a  number  of  IF  sampler  units  to  lian- 
dle  more  ehanrela  than  a  elngl*  aanapler  is  capable  of  handling.  Each  sampler  scans  in  turn 
until  all  have  done  soi  then  the  cycle  la  repeated. 

G.  AUTOMATIC  PHASE  METER 

1 .  Function 

The  automatic  phsee  meter  lo  a  fully  automatio,  nonameiguous,  o-abo*  phase  meter  with  a 
digital  readout.  It  is  designed  to  read  the  phase  between  two  200-kcpB  aignala  with  an  averiiige 
readlng'tlme  of  1  msec. 

The  automatic  phase  meter  (Fig.  2-119)  can  be  used  independently  (as  a  SOO-kups  pliASe 
meter)  or  it  can  be  used  in  conjunction  with  the  IF  sampler  and  the  automatic  data  printer  (see 
teet  system  description  in  See.  E), 

2.  Design  Philosophy  and  Oyer- All  Operation 

The  design  of  the  automatic  phase  meter  la  based  upon  a  "two-etap"  measuring  tecimtque. 

A  coarse  eutiinate  of  phase  (to  the  nearest  20*)  is  made  first.  A  preotalon,  digitally  oontrol^d, 
phaee  shlftsr  is  then  used  to  insert  the  neareet  multiple  of  20*  in  the  reference  oitouit  of  a  phaee 
detector  which  provides  a  DC  output  sseentUiUy  proportional  to  the  remaining  phfta*  ehlft.  The 
complete  phase  reading  can  then  be  obtained  by  taking  the  sum  of  the  coarse  and  fine  phase  read¬ 
ings.  Thu  "two-atep"  mseeurlng  teclinlque  offers  several  elgnlfloani  advantages  in  a  phase  meae- 
urV.tg  eystem. 

Phaee  shift  modulo  2*  is  a  discuntinuous  function  at  multiplea  of  2*.  This  preeenta  a  rs*! 
problem  in  the  doilgn  of  a  nonamblguous  phase  meter.  Excessive  readitig  errors  In  the  neigh¬ 
borhood  of  2ir  can  beet  be  prevented  in  a  dynamic  (null-seeking)  system.  The  coarse  phase  eati- 
matlng  (tracking)  circuit  proviftee  a  coarse  pnase  reading  which  Is  alwnys  oorrset  to  within  a 
nominal  *10*  even  near  360*. 

The  fine  phiise  meter  is  a  simple,  all  solid  state,  digital  voltmeter  which  resda  the  DC  out¬ 
put  of  the  phssc  detector.  High-speed,  relatively  high  accuracy  operation  (1‘)  can  beabtetned 
with  a  simple  circuit  because  it  is  only  required  to  operate  over  a  small  phase  range  (*15*  is 
pi'ovided  to  allow  some  overlap  of  the  fine  and  coarse  readings). 

The  combination  of  the  fire  snd  coarse  circuits  provides  a  higher-speed  circuit  (with  sim¬ 
pler  circuit  elements)  than  a  "one-step,"  null-soeklng,  digital  phase  meter  with  the  seme  phase 
resolution  (1")  would  require. 
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3.  Circuit  Iletaila 

Both  input  rhannelB  (signoil  and  reforenco)  of  tht'  automatic  phftae  meter  contain  a  Umltor 
atrip  Biid  filter  (Fig.  Z-l.10)  comblnatlor  which  ollmlnatea  amplitude  varlationa  while  preaenrlng 
pha-,e  (zero  eroaslnn®),  fhe  limiter  atrip*  were  designed  for  mlnlm.um  zaro-crtiaslng  ahlft  over 
a  40-db  Input  dynamic  range  (60mv  to  16  v  p  p).  The  low-paas  fUtero  (f^  ■■  iOO  Wepe)  convert  the 
limiter  strip  ZOO-kepa  aquare-wave  outpule.  hack  to  200-kcps  alne  waves. 

The  block  dlagran)  of  the  coarac  pliaae  tracker  Is  shown  In  Fig.  Z-lZl.  The  delay  Itne  gates 
(aeo  Sac.  E-4)  are  controlled  by  a  forward-backward  counter.  Aeooolatad  control  circuitry  Btepa 
the  counter  until  the  phase  detector  IXl  voltage  la  within  llmlta  eorreBPcndliig  lo  of  p4ia«e, 

To  eliminate  the  phase  detector  ambiguity,  a  second  phase  detector  (auxiliary  phase  detaolor)  la 
offset  90*  fr  om  the  first,  If  the  first  phase  detector  Is  near  the  corrset  null,  the  second  phase 
detector  output  will  be  near  its  maximum  (positive)  value. 

The  coaree  phase  tracker  he.s  two  modes  of  operation,  In  the  TRACK  mode,  the  tracker 
will  restart  whenever  the  phaee  changes  by  more  than  The  RBAD  mode  rciquiree  a  start¬ 
ing  pulse  at  the  COARSK  HEAD  PULSE  Input.  The  tracker  will  then  run  until  It  matches  the  In-  I 

put  phase  'vlthl"  *ii'"  !t  ear  not  bo  rortnrted  exospl  u/  another  coarse  read  pulse.  ] 

A  FINE  READ  PULSE  output  is  provided  for  the  fine  phase  meter.  Thla  pulse  la  coincidoni  | 

with,  the  completion  of  the  coarse  phase  track  cycle  except  for  an  adjustable  delay  (nominally 
lOOpsec).  The  delay  la  provided  to  allow  the  phase  detector  transients  to  die  down  before  a  fine 
phaee  reading  in  made. 

The  fine  ptiase  meter  block  diagram  la  shown  in  Fig.  Z-tzz,  A  binary-coded  decimal  (BCD)  ! 

counter  le  coupled  to  a  dlgital-to-analog  converter,  whlon  provides  thirty  poailble  refsi  ince  volt-  { 

ages  for  a  voltage  oomiparatcr.  The  oounter  la  stepped  until  the  rafereneo  voltage  level  Is  within 
one  step  of  the  phase  dittector  DC  output  level.  The  state  of  the  individual  countai'  qtagea  is  than 
an  expression  of  the  phase  detector  DC  level  in  binary-coded  decimal  form,  llte  fStno  phase 
meter  may  be  operated  in  a  TRACK  or  a  READ  mode  in  the  same  way  as  the  ooar|ie  phase  trackar.  I 

The  digital  outputs  of  the  coarse  phase  tracker  and  the  fine  phase  meter  are  bonnacted  to  the 
readout  gates  shown  In  Fig.  2-123.  These  gates  auni  the  overlapping  portion  of  the  two  readings 
and  convert  tho  complete  phase  reading  to  straight  'BCD  form  for  i:he  rsadoilt  lights. 


K.  AUXILIARY  EQUIPMENT 
1,  Introduction 

The  test  equipment  described  In  the  preuediug  sections  forms  the  nucleus  of  apeclal-purpoie 
test  unite  required  for  phased  array  aystenn  and  component  testing.  Seme  of  the  auxiliary  equip¬ 
ment  used  with  the  basic  test  units  la  deacrlhad  In  this  section. 


2.  Auxiliary  Mlxera  for  IF  Sampler 

The  useful  frequency  range  of  the  IF  sampler  la  100  to  BOOkeps,  A  simple,  stable  mixer  is 
required  which  can  convert  frequencies  of  up  to  30  Meps  (frequencies  above  30  Meps  can  be  con¬ 
verted  to  a  30-Mcp8  IF)  to  the  200-kcps  sampler  IF  frequency  The  mixer  should  be  oompant, 
since  one  Is  required  for  each  input  channel  of  the  IF  sampler. 

Dlode-mi.<er,  low -pass  filter  (f^  <*  300  keps)  packages  are  shown  In  Figs.  2-124(a]  and  (b). 
The  signal  and  local  oscillator  inputs  are  coupled  to  the  mixer  diode  througli  a  resistive  adder 
so  thiat  any  signal  frequency  up  to  30  Mops  may  be  used.  The  LO  must  be  200  kepa  away  from 
the  signal  frequency  and  must  be  well  Isolated  from  the  LO  Inputs  to  other  mixer  units. 
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The  performam-e  of  eight  mixer  units  was  checked,  ind  the  stability  reaults  are  given  below. 


Tost  condittoiis 


Signal  Input  0.5  v  p-p  at  30  Mcps 

Local  oectllator  3  v  p-p  at  2'3.6  Mupn 


Peak  output  phase  and  amplitude  var.tatlona 


0.5*  and  0.5 db 
t  ‘  and  i.  db 
1*  and  0.1  db 
1*  and  0.3  db 


for  -  6  db  LO  change 

for  - 12  db  LO  change 

from  25'  to  50'C 

dlifcrential  stability  over  3  days 


3.  Receiver  Teat  Rack 

Figure  2-125  la  n  photograph  of  the  receiver  test  rack  which  is  used  to  test  the  phase  and 
amplitude  stability  of  eight  receiver  at.':»p&  at  a  time.  It  wad  found  that  the  use  of  the  Ih-nlftinent 
receiving  array  s.e  part  of  an  experlniental  r'.dar  made  It  difficult  to  gather  detailed  stability  data 
on  receiver  iitrlps  located  therein.  The  receiver  test  rack  provides  an  Independent  test  setup  in 
a  less  confusing  environment.  It  is  provided  wltti  the  power  supply,  local  oscillator,  and  test 
signal  distribution  system  necessary  fo>-  the  operation  and  testing  of  eight  receiver  strips. 

The  receiver  strips  are  divided  into  two  auctions.  One  RF  and  eight  IF  seotlons  are  shown 
in  Fig.  2-125.  Frequencies  below  30 Mcps  are  divided  eight  ways  in  special  resistive  power  di¬ 
viders  which  v/IU  handle  IQ  watts  ihput  and  provide  50 db  Isolation  between  outputs.  One  hybrid 
corporate  feed  distributes  the  STO-Mops  LO  to  the  receiver  strip  HF  sections.  Another  is  used 
to  provide  900-Mnpa  test  signals  for  the  RF  sections. 

4,  Channsl  Phgse  and  Amplitude  Control 

The  sixteen  receiver  cliarmels  of  the  linear  test  array  were  provided  with  motor-driven 
phase  and  amplitude  controls.  This  was  done  to  permit  rapid,  convenient  adjustment  of  the  re¬ 
ceiver  amplitude  and  phase  from  a  eeniral  point,  Figure  2-126  la  a  photograph  of  the  phase  and 
amplitude  controller  used  to  operate  the  motor-driven  adjustments,  Figure  2-127  shows  a  cir¬ 
cuit  diagram  of  the  controller. 

The  controller  supplies  24 -volt  pulses  to  a  stepping  switch  located  in  the  receiving  array 
equipment  box.  This  stepping  switch  is  used  to  switch  the  phase  and  amplitude  control  lines  to 
any  one  of  the  sixteen  receiver  oliannela.  I'he  ateppltig  switch  Is  pulsed  until  its  position  matches 
the  setting  of  the  decimal  channel  selector  sv/ltch  (or  the  binary  channel  selector  awitohes,  when 
the  decimal  channel  selector  in  on  3). 

Three  operating  modes  are  provided,  On  PULSED,  the  remote  stepping  switch  is  advanesU 
one  step  at  a  time  by  the  channel  advance  pushbutton  on  the  controller.  Indicator  lights  show  the 
stopping  switch  position  in  binary  form.  A  DISPARITY  light  is  lit  whenever  the  channel  selector 
switches  and  the  remote  stepping  swltoh  are  in  disagreement.  The  PARITY  pushbutton  may  be 
depressed  to  bring  the  remote  stepping  switch  into  agreement  with  the  channel  selector. 

The  MANUAL  mode  provides  automatic  tracking  of  the  remote  stepping  switch  With  the  chan¬ 
nel  snlflctor.  It  is  used  to  switch  directly  to  a  particular  ohannel, 

The  AUTOMATIC  mode  requires  a  aervoamp"  ler  unit  and  an  IF  sampler  -  phase  detector 
combination.  The  IF  sampler  la  slaved  to  the  controller  eo  tliat  the  survoamplifter  can  be  pro¬ 
vided  with  phase  and  amplitude  error  voltages  corresponding  to  the  channel  whose  motors  are 
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under  contrul  A'lier.  thephaca  and  amplitude  of  a  particular  channel  have  been  adjusted  to  desired 
refer«nce  Iv^c’.s,  the  coniroller  advances  the  remote  eiepptng  owitch  (and  the  IF  sampler)  to  the 
nest  channel.  This  process  continues  automatically  until  all  the  chatiueln  have  been  adjusted. 

5.  Xherntlstora  for  Temperatuie  MeacurGnicnt 

Thermistors  are  used  for  the  measurement  and  recording  (on  the  automatic  data  printer! 
of  temperature  because  extreme  accuracy  Is  not  required.  The  use  of  thermistors  instead  of 
thermocouples  eliminates  the  ne-^d  for  cold  Junction  correction  and  special  leads. 

It  was  found  that  the  nonlinear  characteristic  of  voltage  divider  output  vs  resistance  (of  one 
resistor  in  the  divider)  could  be  used  to  compensate  somewhat  for  the  nonlinear  rofllstar.ce  vs 
temperature  characterintlc  of  the  thermistor.  The  optimum  resistor  for  use  with  the  Bendlx 
Friejn  5a3391--3  thormleloi  in  12  2  V  hms.  The  maximum  temperature  error  obtained  over  the 
temperature  range  -30”  to  +4"''  waij  .  s  .nun  I’C. 

u.  Diode  Detectors  for  Oaln  and  Amplitude  Measurement 

The  measurement  of  .receiver  gain  is  complicated  whenever  frequency  conversions  are  in¬ 
volved.  Calibrntcd  signal  sources  at  the  receiver  RF  Input  and  inlurmedlato  frequencies  are 
normally  required,  and  the  calibration  accuracy  is  typically  al  db. 

The  Telonlc  .r<D-3E  RF  detector  lias  a  response  vs  frequency  oharacterUtle  that  is  flat  within 
2db  frem  ZfiOkcpa  to  900  Mepa.  The  us*  of  such  a  detector  snables  gain  measursmonts  to  be 
made  convimicntly  with  a  calibrated  attenuator  and  a  DC  indicator.  Unoalibrated  signal  sources 
may  be  uend,  end  th*  mcHaui-sraont  accuracy  is  nompnrable  to  that  obtained  with  calibrated  sig¬ 
nal  generators  (aidb). 

..Although  a  diode  detector  ttas  a  nonlinear  amplitude  chnracterliitic,  its  behavior  may  be  ap¬ 
proximated  by  a  linear  characteristic  over  a  small  region.  Ten  detactors  were  teated  for  DC 
output  vs  RF  Input.  Although  the  absolute  DC  output  for  a  given  input  varied  from  unit  to  unit, 
the  iiiuromental  output  change  for  a  given  Input  change  was  found  to  be  uniform,  provided  the  de¬ 
tector  inputs  were  padded  to  give  the  same  DC  output  for  one  Input  level.  Therefore,  a  single 
calibration  chart  can  be  used  for  htcremeutal  sensitivity  (DC  output  change  in  millivolte  for  a 
1-db  input  change  in  RF  level),  The  deteetore  are  thus  uaeful  for  raeaeurlng  ajrkplitudo  etabiUty. 

An  output  DC  uliange  correepotidlng  to  leee  than  0.1  db  Input  change  wae  observed  ovor  a 
temperature  range  of  25*  to  50*C  (1  and  0.1  v  rme  Input  levels  at  2  and  30  Mepe). 

7,  UKF  Mixers  for  Phaoe  Measurement 

The  use  of  the  automatic  phase  meter  for  phase  meaauremente  at  frequencies  other  than 
200  kepe  requires  two  mlxore  -  one  for  the  signal  channel  and  one  for  the  reference.  The  aux¬ 
iliary  IF  sampler  mlxera  may  be  used  up  to  30  Mepe,  Empire  Devices  CM107B  single-ended 
mixers  are  used  at  900  Meps.  It  was  found  tha^  the  Insertion  of  a  10-db  pad  at  the  mixer  signal 
input  provides  a  great  Improvement  in  the  phase  and  amplitude  stability  vs  DO  drive  level.  Two 
ml.xers  tracked  within  1°  phase  and  0.2 db  amplitude  over  a  6-db  LO  range  (crystal  current  from 
0.1  to  0.6  ma).  The  absolute  change  of  one  mixer  was  6*  phase  and  4db  amplitude.  If  the  mixer 
i.»yste!  curients  Initially  differ  by  0,2ma,  two  mlxere  track  within  2*  and  O.Sdb  for  a  6-db  LO 
change. 
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8.  Sidehand  Separator 

The  BldebRnd  aeparator  uo-.isistB  of  three  double -t>med  filtere  which  are  driver,  from  a  com¬ 
mon  Input.  The  flltera  are  centered  at  150,  200  and  250  kepa,  and  eerh  hae  ite  own  SO-ohm 
output  driver. 

If  the  HP  tent  alfnal  for  a  phaaod  array  receiver  la  modulated  at  a  50-kcpe  rate  (a  diode 
modulator  will  aufflce) ,  then  the  aidaband  separator  can  be  used  to  aoparate  the  IF  sampler  out¬ 
put  into  the  three  frBcjuoncy  components  corresponding  to  the  carrier  (200kcpu)  and  the  two  atde- 
btiiida.  Tlic  phase  and  amplitude  tracking  of  the  array  can  thus  be  chocked  »t  three  frequencies 
simultAnooualy 

8,  Standard  Power  Control 

A  standard  imwer  control  box  was  designed  to  control  both  Mgh-  t-nd  low-voltage  comJUorcUl 
reguliiled  power  supplies.  The  control  system  ut'llr.es  ii-vaV.  DC  relays  to  permit  remote  con¬ 
trol  operation  of  a  nunibai  of  relay  racks  of  equipment.  All  equipment  may  be  shut  off  with  a 
Single  master  switch  by  shutting  off  the  21 -volt  control  power.  The  ?.4-voU  relays  were  chosen 
for  cotnpatlblllty  with  the  other  special-purpose  test  equipment  as  wnll  as  tiislr  quiet  operation 
and  reduced  shock  hseard  (over  110  v  AC  relays) . 

Relay  -switohed  AC  outlets  are  provided  for  rack-mounting  cor.;,'norclal  test  «quipn'.;:nt.  A 
Jumper  plug  may  be  removed  and  replacnd  with  n  special  unit  which  senses  pswirr  supply  failure, 
This  unit  will  shut  off  all  power  if  any  power  supply  voltage  drifts  out  of  toleraneo.  Turn-on 
time  delays  can  also  be  provided. 
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CHAPTER  DC 

PHASED  ARRAY  SUPPORT  STRUCTURES 


SUMMARY  E  A.  Da  son 

This  chaptei'dgscrlbes  some  praximiiiu.'y  design  studies  of  support  structures  for  trs.nsmittlng 
arrays.  Two  arrays  are  considered;  s  low-power  SOO-M.cpa  array  and  a  higher-power  llOO-Mcps 
array.  In  both  cases,  the  structure  was  designed  to  allow  most  of  the  electronic  equipment  tc  be 
mounted  in  pUig-in  modules  directly  behind  the  radiating  elements. 

A.  INTRODUCTION 

No  study  of  phased  array  tsohiiiques  is  complete  with  '.t  orou^  oonslderation  of  the  me- 
chunic^  1  design  of  the  array  support  structure,  in  a  phased  array,  the  sldclobo  level  of  tho  an¬ 
tenna  pattern  is  dependent  upon  both  electrical  and  mechanical  errors;  hence,  the  mechanical 
tolerances  are  more  stringent  than  in  a  conventional  antenna  designed  lor  the  same  sidclobe  le'irel, 
since  some  of  the  allowable  rms  phaae  error  must  be  allocated  to  the  electronic  equipment  in 
the  phased  array. 

The  problem  is  further  complicate’  by  the  fact  that  the  space  Immediately  behind  cash  ra¬ 
diating  element  oontelns  an  eleotrctniu  uiodulc.  This  equipment  .(s  heavy  and  laavaa  veiy  little 
room  for  the  actual  support  structure.  The  structure  must  be  designed  to  accommodate  all  the 
cabling  and  to  aupport  the  .individual  electronic  modules  in  auoh  a  way  that  they  can  .be.  raplaoed 
easily. 

B.  PIUIUMINARY  STUDIES 

In  considering  the  mechanioal  design  for  phased  arrays,  many  discussions  were  held  with 
representetivas  of  the  elcctronios  section  to  asosHain  bssio  design  parsmetsrs.  At  that  utage, 
however,  titere  were  many  unknowns  in  the  eleotvonio  raqulremente  which  made  it  difficult  to  set 
forth  deflnlia  mechanical  design  criteria.  The  dseign  described  below,  although  very  general  In 
nature,  was  agreed  upon  as  a  twain  configuration,  and  preliminary  lnv.»stlgatlon  was  Initiated. 

It  was  decided  that  two  array.«  would  be  required;  one  would  be  a  tranamlttlng  array  and  the 
other  a  receiving  array.  As  the  ti-snsmitter  sppuarert  to  be  the  greater  problem  from  a  ineohan* 
leal  viewpoint,  the  major  effort  was  expended  on  this  unit.  The  array  would  require  a  large 
billboard -type  ground  plana,  tipped  bank  at  approximately  45*/rom  the  vertloal,  i.o  ttw  rear  of 
which  would  hr  mounted  several  boxes  arranged  rectllinearly.  Each  of  these  boxes  wimld  contain 
a  removable  nlectronlc  penkage  complete  with  radiatora  (dipoles  ware  taken  sa  nn  example)  that 
would  protrudo  through  the  ground  plane  when  in  the  Installed  poeitlon.  All  oeblimg  end  ooollnii 
hoeea  would  be  attached  at  the  rear  of  the  packages  to  facilitate  maintenance  end  permit  servicing 
during  ciporatlun  of  the  array.  A  suitable  atructure  would  he  required  to  eupport  thla  array  in  Ita 
inclined  poeitlon. 

With  the  general  configuration  in  mind,  it  wee  decided  to  evolve  an  initial  concept  based  on  a 
32  X  32  element  slatlonary  array  at  SOOMcpti.  An  element-to-element  spacing  of  upproxlmately 
0.5B1.  (7.7  Inches)  was  assumed.  Figure  2-12S  shows  a  model  of  a  partial  section  of  this  prelim¬ 
inary  design.  The  ground  plane  consisted  of  a  aeries  of  i-inoh  thick  square  aluminum  plates, 
with  openings  for  dipoles,  butted  together  and  attached  to  an  adjustable,  welded -aluininiun  tubu¬ 
lar  frame.  Aluminum  extrusions,  approximately  7  inches  square  and  40  itichos  long,  ware 
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nUached  to  the  bs-cK  of  these  plates  to  house  the  remoA'Kble  electronic  paokagcs  and  their  dipoles- 
Initial  eatiir.ates  of  the  weight  of  these  packsgeii  ranged  from  15  to  iO  pounds.  Trueses  made  of 
rectangular  aluminum  tubing,  spaced  at  every  fourth  row,  supported  the  ground  plane  module 
complex  from  a  sturdy  base  structure  made  up  of  structural  beams.  The  trusses  were  ngces« 
sarlly  of  sufficient  depth  to  permit  romcval  of  the  electronic  packages  from  the  extruded  boxes 
without  interference  with  the  base  structure.  Adequate  catwalks  and  Udders  would  be  provided 
or.  the  base  structure  for  servicing  and  maintenance.  Since  each  of  the  packages  would  have  five 
connectors  for  electronic  cables  and  two  coniieetors  for  wa:er  cooling,  it  became  evident  that 
considerable  tliought  should  be  given  to  the  routing  of  these  serv.toe:s.  Space  between  the  housings 
would  have  to  be  utilized  fur  cable  runs  in  order  to  permit  unhampiired  removal  of  the  packages. 
The  use  of  the  trusswork  tubes  ss  water  manifolds  was  considered,  and  efforts  were  made  to 
combine  -lammon  electronic  circuits.  Weight  estimates  on  this  preliminary  design,  with  alumi¬ 
num  structure,  were  as  follows: 

Pounds 


Ground  plane 

1,370 

Extruded  boxes 

13,312 

Internal  electronics 

(1024  units  at  IS  pounds  each) 

15,360 

Trusses 

2,200 

Adjustable  frame 

1,100 

Base  structure 

4,600 

.Subtotal 

.37,942 

IVtlMceiUneous  connectors, 
adjacent  devioea,  etc. 

9,000 

Total 

49,942 

The  above  weight  did  not  include  any  of  the  cabling  or  cooling  hose. 

The  prelimlmr/  design  was  bated  on  the  sasumptlon  that  the  array  would  be  a  low-power 
900-Mcpa  radar.  Further  investigation  by  mombers  of  the  electronics  aeotlon  Indicated  that  a 
higher-power  liOp-Mcps  radar  would  prove  more  useful  from  their  standpoint  and  that  othiyr 
preliminary  atudilas  should  bo  made. 

A  shipboard  application  that  involved  mounting  different  array  niees  aboard  a  VMStl  of  the 
C-4  dase  was  also  investigated.  The  problems  connected  with  shipfaourd  mounting  were  nooss- 
sarily  compounded  not  only  by  the  major  physical  modifioatlons  to  the  supsrstruotura  of  the  ship 
but  also  the  resultant  effect  that  these  Urge,  heavy  structures  would  hava  on  the  center  ef  gi-avity, 
center  of  buoyancy,  and  the  metaeenter  of  the  ahlp.  Other  problems  were  the  piioh,  yaw  and  roll 
of  the  vesael.  An  investigation  was  made  into  the  nenesaary  bearing  for  azimuth  irotatlon  of  the 
array,  snd  it  appeared  that  an  S-inoh  gun  turret  bearing  would  be  adequate. 

It  was  Uter  decided,  however,  that  the  moat  useful  tool  for  Immediate  needs  would  be  a  sta- 
tio::iary  land-baaed  radar  with  0.S8X  spacing  <S,26  inches).  It  was  also  aaaumed  that  the  array 
would  be  radome-housed,  thereby  eliminating  v/ind  loading.  The  number  of  elements  had  bsen 
established  as  4096  (64  X  64). 

In  order  to  more  realistically  determine  loading  on  the  structure,  the  electronic  package 
was  reviewed,  and  Ita  size  aitd  weight  were  re-estimated  aooordlng  to  Uteat  component  develc^- 
ment.  The  new  estimate  shows  a  weight  of  approximately  100  pounds  per  unit,  ard  the 


Flo<  2-129.  Phoiad  aifay  tronimUfar  modwl*. 


minimum  external  dirner<t.;oiia  appear  to  be  4-}  X  4;^  x  42  inches  plus,  of  course,  the  protruding 

A 

dipole, 3,  Figure  2-129  shc;  s  a  sketch  a  proposed  package.  The  dipoles  have  been  rotated 
to  ‘)S’  +0  bo  with’-  the  cross  section  of  l  ie  package. 

£  ice  t.he  package  dimension  was  4.!i  inches  with  an  element-to-element  spacing  of  ?. 26  inches, 
t’'  'c-  iuicmg  space  of  0.76  inch  was  av.Lilable  for  housing  and  support  structure.  An  initial  ap- 

proacl.  ■  i-i.’ying  interlocking  stacked  -c;-"tru.sions,  behind  the  ground  plane,  with  a  confinim^  b&nd 
around  th<i  peripheiry  of  the  28-foot  squa.;.*'?.  array  we.s  investigated.  Since  the  average  thickness 
of  the  sxtruaions  was  |  inch,  it  was  four.d  that  the  weight  of  the  extrusions  themselves  amounted 
to  144,000  pounds.  .\lso,  when  each  of  the  boxes  was  loaded  with  the  100-pound  package  and  un¬ 
supported  across  the  entire  span,  the  act  ection  v'ould  exceed  the  allowable  1/64X  or  0.142  inch. 
Shear  between  boxes  w.-is  difficult  to  ovf.i  come  without  precise  machining  on  shear  bars  and  slots. 

An  approach  that  appears  feasible  i?  one  that  employs  jig-welded  grids  of  ;|--inch  alurniin’cm 
bar  ‘.took  at  the  front  and  rear  of  the  array  which  are  interconnected  with  thin-wall  (0.1  inch)  ex- 

i 

trusiuns.  Utiits  oi  4  b  e!  elements  can  be  shop -fabricated  for  precision  and  erected  on  posts  sup- 
po.:ting  common  corner The  posts  ctand  off  from  a  concrete  foundation  having  access  stairs 
Tor  servicing.  The  bottom  row  and  one  side  row  can  Le  precisely  located  by  means  of  accurate 
base  rails.  As  the  units  are  stacked,  clips  interlock  adjacent  units  and  the  supporting  post.  The 
front  ground  plane  can  be  attached  directly  by  screws  to  the  forward  grid.  Figure  2-130  shows 
a  cut-away  sketch  of  the  configuration. 

Assuming  this  type  of  construction,  with  0.1-inch  wall  thickness  of  extrusion,  the  weight  of 
the  grid  and  extrusion  combination  would  be  44,000  pounds.  By  decreasing  the  wall  thickness  to 
0.0623  i-.oh,  the  weight  wo  i'ld  drop  to  28,300  pound.s;  however,  this  latter  thickness  appears  to 
be  slightly  marginal  for  extrusion  tolerances.  Preliminary  calculations  indicate  this  type  of  con¬ 
struction  to  be  capable  of  supporting  the  present  assumed  loads. 

The  receiving  array  will  be  similar  to  the  transmitting  array  in  over-all  size  and  will  employ 
a  like  amount  of  elements.  However,  unlike  the  heavy  transmitting  elements,  it  is  estimated  that 
each  receiving  element  will  consist  of  lightweight  printed  circuitry,  which  will  minimize  the  prob¬ 
lem  of  support  structure.  Therefore,  the  details  of  this  design  have  not  been  pursued. 

C.  DETAILED  STUDY  PLANS 

Further  studies  will  bo  undertaken  on  the  support  structures  described  above  and  on  other 
configurations,  which  will  be  directed  toward  an  ultimate  design  encompassing  more  efficient 
use  of  materials  combined  with  ease  of  fabrication  and  erection. 
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Fig.  2-130.  Proposed  phased  orroy  shvictore. 
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PART  3 

SUPPORTING  CTUDIES 
Introduction  and  Abstract 

Part  3  reports  the  work  of  varloiic  baoic  Investigations  into  the  fundamentals  of  array 
antennas  and  array  radar  systems.  The  .ntudles  are  grouped  into  three  chapters,  and  a  aiunmary 
can  bo  found  at  the  start  of  each  chapter  except  Chapter  lit.  Because  of  the  length  of  that  chapter 
and  a  dtveralty  of  topios  taken  up  therein,  the  aunamarlas  will  be  found  at  the  beginning  of  the 
appropriate  sections  [Indicated  by  capital  letters  i./t,  u,  C,  etc.)  in  the  Table  of  Contenta]. 

Oh.>pier  I  reports  the  results  of  investigation  into  the  effect  of  mutual  coupling  on  the  gain 
and  the  impedance  as  a  function  ol  angle  of  scan  of  dipoles  in  plana.r  arrays,  for  various  eleznant 
spaoings  and  heights  of  the  dipoles  above  the  ground  plane.  Thia  work  la  a  continuation  of  work 
reported  In  tlie  previous  technical  report,  nnd.  will  undoubtedly  be  continued  in  the  future,  branch¬ 
ing  out  into  elements  not  so  easily  analysed  as  dipoles. 

Chaptoi  11  deals  with  th«  limitations  of  phased  arrays  from  the  bandwidth  standpoint.  In  par¬ 
ticular,  tne  sffflote  of  an  array  antenna  on  range  resolution  and  range  measurement  aoouiuoy  of 
the  received  waveform  are  reported.  Detailed  results  are  given  for  the  case  where  the  trans¬ 
mitted  signal  ia  a  rectangular  pttlse. 

Lastly,  Chapter  III  dsala  extensively  with  the  effect  of  random  "errors,"  both  unintentional 
and  intentional,  In  array  antennes.  The  previous  "small  error"  theory  is  extended  to  account  for 
large  phase  errors  which  may  be  deliberately  introduced  for  reasons  brought  out  In  the  ohaptar, 
and  several  toplos  are  investigated  using  this  development.  Among  these  are  (1)  grating  lobe 
suppression  by  element  position  randomlzatlnn,  (2)  far-fleld  shaping  by  vaxylng  the  density  of  the 
elemonta  of  an  array  rather  than  their  amplitude,  and  (3)  s  review  of  the  effects  of  errors  on 
sldelobs  levels.  Including  a  new  and  ilmplor  result  for  the  gain  degradation  srlslng  therefrom. 
Finally,  the  effects  of  random  errors  on  pointing  error  are  examined,  and  formulas  useful  for 
the  effects  of  both  the  sum  and  difference  patterns  of  monopulse  arrays  are  preisntsd. 


CHAPTER  I 

THE  EFFECTS  OF  IVfUTUAL  C<>UPUNO  ON  THE  GAIN  AND  IMX'EDAMCE 

OF  scanMg  dipole  arrays 


SUMMARY  J.L.  AUsn 

This  section  is  devoted  to  the  re.sults  obtained  during  the  past  yeiir  from  the  continued  inves-- 
tigation  of  the  effects  of  mutual  coupling  in  arrays.  In  the  previous  technical  report*  of  this 
project,  an  approach  to  the  evalustlon  of  mutual  coupling  effects  through  the  use  of  the  clement 
pattern  concept  v/as  outlined,  er  d  some  results  were  given  for  linear  arrays  of  dipoles.  Although 
this  concept  Is  noi  restricted  to  dipole  arrays,  at  least  as  an  experimental  tool.  It  is  amnnublc  to 
analysis  only  for  such  simple  elements.  Therefore,  prior  to  attempting  to  get  a  better  under¬ 
standing  of  more  "exotio"  elements  (such  as  log-periodios),  we  have  attempted  to  thoroughly  in- 
vestignte  coupling  in  dipole  arrays,  particularly  In  planar  dipole  arrnys.  The  results  of  this  In- 
veatigntion  are  reported  in  the  following  aeetlnn. 

*  J.  L.  Allen,  gt  fij.,  "Phoied  Arrey  Radar  Studlei,  I  July  1959  to  1  July  1960,"  Teehnleel  ftepotf  .*<4o.228  [UI, 
Lincoln  Laboratory,  M.  I.  T.  (12  Auguet  1960),  ASTIA  249470,  H-335. 
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To  get  a  sufficiently  bj-oad  picture  (jf  the  effactfi  of  rnutual  ooupilng  on  (iipoU;-  array  gam  end 
element  iinpcclBnce  aa  a  i'unoiion  ef  scan  angle,  an  Analveli!  of  thene  effects  has  been  oarrie-tJ  oirt 
witn  the  aid  of  a  digital  computer  and  a  small  test  army.  In  onlor  to  maximiae  thn  "insight  con¬ 
tent"  of  the  resuUw.  wid;  rnnftes  of  oaramiitero  were  used.  For  example,  tileiuumt  spacings 
ranging  from  0.5  to  O.O  wavelength  were  used,  and  thn  height  of  the  diaolsH  above  the  ground  plAita 
was  varied  from  J/ll  te  tx/S  in  stepa  of  X/16, 

In  Ct'iier  to  simplify  the  compulation,  results  wore  obtained  for  the  v",hurB-;:tflriatioe  of  the  cen¬ 
ter  element  of  two  dlfforont  small  arrays  of  62  and  t5  elements.  The  comparison  of  these  results 
with  known  results  for  "infinite"  arrays  confirms  the  validity  of  thin  approach,  both  analytically 
and  expei-imantnUy,  but  with  certa.'n  reservations  an  pointed  out  in  She  le'rt. 

It  is  shown  that  the  gain  of  the  array  as  u  funotion  of  scan  sngle  depenaa  prlraiir;.ly  upon  the 
element. to-alament  spacing  alone  and  in  quite  inncn.iitive  to  oilier  par'i'netera,  such  as  the  height 
of  ihr  (lijjui'ti  aliuve  the  ground  piano.  The  gal.n  variation  'A  the  array  when  the  Hlrmem"  are  ted 
from  con.<ttant  linpcdance  sources  in  shown  to  be  very  r.eiiriy  thsi  prodlotsbls  on  s  dlruotivity  banis 
from  the  well-known  gain  vs  area  relationship,  modUisd  le  soeount  for  the  grating  lohs  formation 
with  scan.  On  the  other  hand,  It  Is  seen  that  the  change  In  elsmont  1'  'pedsnoe  ht  considerably 
affected  by  parameters  which  have  little  efteci  on  the  array  gain  bahsvior,  and  pcii«U’>{litlsB  lor 
minimixing  misrnatah  caused  by  sosnnlng  nre  pointed  out  making  use  of  this  result. 

A.  INTHODUCTION 

AlDiough  the  pSienoinenon  of  mutual  eoupllng  between  dii^ole  antsnrna  ws'i  long  ego  rtduesd  to 
mathematical  formulation.'*  f  f  the  isosnt  upsurge  of  Intarsst  In  phased  array  tnisnnas  of  l«r|« 
numbers  of  radiators  has  served  to  tympheslBs  the  fsul  thsi  the  •ffeeta  of  mutual  coupling  on  the 
various  aspeato  of  array  performsnoe  are  not,  as  yet,  ruduoecl  to  "handbook  anginearlnx"  levals, 
Although  several  recent  papei  s  have  bean  publlehtd  on  tha  auhjaot  of  mutiial  Impsdanoa  afftata 
in  dipole  erraya,  attention  has  usually  been  rautricti.'d  to  half-wavelength  spaaing  batwaan  elauiantii 
and  quarter-wavelength  spacing  from  dipole  to  ground  plant.  Furthtr.  axpUoll  attention  hai  bean 
conoentratod  almost  oxeluetvaly  on  the  effect  of  the  muiuai  eetiplln]  on  tha  variation  of  tlanriafit 
driving  Impedanca  with  ican  angle,  Ignoring  explicitly  the  Iniporlnni  question  of  tha  affaof  on  array 
gain  with  eaan  angle. 

Tha  primary  purpose  of  the  invaallgallon  reported  hers  was  to  examine  both  thaio  i'ffaoU  in 
planar  arrays  of  regularly  apacad  dipolaa,  ovar  r.  range  uf  elair>ant  spaolnga  aivl  a  rang#  of  dlpelv* 
tc-ground-plene  spaolnga,  in  order  to  faclUuie  more  enlightened  design  of  nrannlng  dipole  array* 
^oondarlly,  some  Information  abunt  the  effects  of  array  aixe  on  mutunl  euupllng  phenomena  was 
obtained  indirectly  by  oMculallitg  relevant  data  for  two  dtffarent  aliid  arraya. 

As  outlined  in  the  text,  the  array  element  impedenttn  varlatlo!.i  wao  osloulated  by  the  uauall 
mesh  equation  approach,  malting  uBo  of  uertain  approximations  nppropriata  to  large  arrtya.  Vc 
Investigate  the  effects  nf  coupling  on  the  array  gain,  the  conoapt  of  «n  "elonient  gain  funotlorf* 

(the  gain  vs  angle  of  a  typical  element  In  a  passive  array)  la  used,  ami  Its  relation  to  the  variation 
of  array  gain  with  scan  angle  le  pointed  out. 


*  A.  A,  Ritolkon,  "Th*  ftodletlon  kaiUtanca  of  Beam  Antennta,''  hroe.  Ilti  ]2i  ^  (1929), 

t  P.  $.  Coder,  “Circuit  lleletlortt  In  Dodloflng  Syitam  end  Aoplleotleos  to  Antannd  Problsea,"  ftoo,  |g£  K, 
1KM  (1933). 

t  R.  W.  P,  King,  Theory  of  linaar  Antannat  (Harvord  Unlvenih/  ftwa,  1949): 
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Comput'^’).  data  for  the  center  element  of  planar  arrays  of  63  and  25  elements  are  compared 
in  order  to  ee  ^imate  the  effects  at  finite  size  on  results  obtained  from  both  formuLatiorr,  and 
experimenttd  checks  of  the  results  for  the  smaller  size  will  be  presented.  Comparisons  of  the 
results  cf  this  study  with  the  results  of  other  writers  udll  be  made. 

It  will  be  seen  that  there  is  a  consistent  trend  in  the  results  indicating  that  the  effects  cf 
mutual  impcdt-nce  on  array  gain  are  essentially  dependent  only  upon  element  spacing  and  produce 
results  easily  predictable  from  array  directivity  cemsiderations.  The  good  agreement  of  the  ex¬ 
perimental  renults  with  the  computed  data,  despite  the  use  of  dipoles  that  were  poor  aporoxima- 
tions  to  the  di  -loles  theoretically  considered,  emphasizes  this  fact. 

It  is  ali  o  pointed  out  that  even  though  the  gain  as  a  function  of  scan  results  cepends  essen 
tially  only  cn  element  spacing,  other  variables  have  a  significant  effect  upon  the  element  VSWR 
variation  w;  i  scan,  and  that  the  VSWR  can  be  held  to  quite  reasonable  limits  by  judicious  choice 
of  such  parnm  ^tters  as  the  height  of  the  dipoles  above  the  ground  plane. 

No  exp  dev:',  consideration  will  be  given  in  this  i  eport  to  edge  effects.  Rather,  attention  is 
kolely  directed  toward  the  questions  of  the  effects  of  mutual  impedance  on  the  interior  elements 
■ji  ’arge  arrays,  and  the  ability  to  predict  these  effects  by  the  use  of  data  taken  on  the  center 
clement  of  a  small  array.  Some  examples  of  edge  effects  on  dipole  gain  functions  can  be  found 
in  another  report*  (for  linear  arrays  only),  and  data  on  the  impedance  variation  of  edge  elements 
for  one  particular  array  configuration  are  given  by  P.  S.  Carter,  Jr  t 

B.  MATHEMATICAL  DESCRIPTION  OF  MUTUAL  IMPEDANCE  EFFECTS 
1.  Basic  Concepts  and  Definitions 

It  is  well  known  that  the  currents  and  voltages  existing  at  the  terminals  of  the  elements  of  a 
dipole  array  can  be  expressed  by  circuit  equations.  For  a  two-dipole  array,  as  shown  in  Fig.  3-1, 
these  equations  are  of  the  form 


V _ -  Z_  I_  +  Z  I 

-  -  -i.pq 


mn  mn,mn  mn  mn,] 


V  Z  I  +  Z  I 
pq  pq,mn  mn  pq,pq  pq 


(1) 


where  the  notation  is  .‘.r-iicated  in  the  figure  (double  subscripting  is  used  in  anticipation  of  appli¬ 
cation  to  plana:  array?).  The  quantities  Z  and  Z„„  are  the  self-impedance  of  the  two 

Xuia^XIlll 

dipoles,  while  and  Zp^  are  the  mutual  impedances  between  the  two  dipoles  and  are 

equal  for  reciprocal  c  ipoles  and  media,  as  will  be  assumed  throughout  this  section.  If  the  two 
dipoles  are  completely  isolated  from  other  antennas  and  other  reflecting  surfaces,  the  self¬ 
impedances  wi!  be  the  normal  radiation  impedance,  Z^,  of  a  dipole  in  free  space. 

The  mutual  coupMng  between  dipoles  acts  in  the  manner  of  a  generator  of  open-circuit  voltage, 
'^mn  "  ^'mn,pq  ^nq'  indicated  in  the  equivalent  circuits  of  Fig.  3-2,  and  either  increases  or  de¬ 
creases  the  cur’  ent  l.hrough  the  antenna  (in  comparison  to  the  current  in  the  absence  of  mutual 
effects),  depencing  upon  the  induced  polarity. 

To  an  observer  cooking  into  the  terminals  of  the  antenna,  the  presence  of  the  generator  leads 
to  an  alteration  th-i  antenna  impedance.  This  impedance  will  be  referred  to  as  the  element 
driving  impedance,  Zj^,  which  depends  upon  the  relative  current  flowing  in  the  two  dipoles: 

*J.L.AUen.  et  ol  ,  op.cit. 

tP.S.  Oxter,  >  ,  Impedance  Effects  in  Large  Beam  Scanning  Arrays,"  Trar*.  IRE,  PGAP  AJP-8, 

276(1960).  - 
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^mn 


=  i  .  {ii 

mn.mn  trin,  pq  Tl„  '  ' 

TVio  basjN:  t*'-7inf.T!t  ni  this  aiudy  »iU  bu  a  dipole  Kbove  »  (rruund  plane,  as  indlualBci  in  Vig.  3-.1 
However,  xorm..ia>.  .«nd  tablen  of  rnulual  unpedanoe  nrn  alnioul  e.<cltiaivoly  alated  in  terme  ttf  inr- 
pedanco  between  isolated  dipulee.  Data  for  "free-space"  dipoUs  are  roadlly  adapted  to  our 
"ole— .!}nt"  by  Imacc  thsoj-y .  It  can  be  resdily  verified*  that  the  aelf-lmpedanue  of  ewoh  an  ole-- 
mont  ia 


■/.  z  ~  : 

mn.nin  r 


M*.  oy 


(4) 


where  la  the  normal  dipole  radiation  impedance,  and  h)  la  the  mutual  linptidenee  be¬ 

tween  two  dlpolea.  The  dipulee  are  oriented  a,«  indiuated  In  Fig.  3-4,  where  d  Is  the  separation 
between  dlpolo  axes  In  the  plane  at  the  dlpolee,  and  h  measure)  their  oenter  displacement  por- 
pendlftular  to  d.  By  writing  four  equations  in  a  manner  similar  to  Eq,  (i)  for  two  dipoles  plus 
two  imagee,  the  mutual  Impedanoe  between  two  -luoh  basic  eloments,  le  seen  to  be  the 

dlffarenoe  of  the  mutual  between  the  two  dipdiue  of  the  same  orlmtatlon  In  frao  apsoe  and  the 
mutual  between  ono  dipole  and  the  Image  of  thu  ottier  in  free  apace.  In  the  geometry  of  Fig.  3-fi. 
one  can  write 

^mn.pq  ■  ^<1*”  ‘ 

By  the  uee  of  Eqa.  (4)  and  (3),  then,  mesh  equations  suoh  as  (1)  can  be  .vrltten  directly  (or  an 
array  oonsldering  an  elemental  radiator  to  be  the  combination  of  a  dipole  and  the  ground  ptana. 


a.  Some  Important  Afliumptiona  About  the  Sulftolsncy  of  Mutual  Impadanca 
u  a  Decorlptlon  of  Couplini; 

It  le  apparent  that  i  elationsltip.i  suoh  an  Bq.  (1)  give  nrly  tormina!  information  about  the  an*- 
tenna  ourrer.ti.  In  order  to  apply  the  reeulte  of  a  utudy  of  nntuiil  impedanoe  to  array  pattern 
effeete,  some  uaeumotions  nui«t  be  made  regarding  the  distribution  of  the  currant  on  the  antenna. 
The  usual  assumption  Is  that  tha  mutually  induced  currents  are  dlatrlbutad  in  a  fomx  id«>nl(o*l  to 
that  tha  ourrent  would  asstune  on  a  single  driven  dipole  in  free  epaoe.  It  ia  (urthar  aaaumad 
that  the  mnaeuramrnt  of  the  terminal  currant  gives  a  true  Indloatlon  of  tha  magnitude  at  tha  cur¬ 
rent  on  the  antenna. 

For  dlpoloa,  there  appears  to  be  aufficlent  juatlfioation  for  the  latter  asaumption  K  the  oou- 
pllng  between  feed  lines  carrying  traveling  waves,  which  may  give  rise  to  dli-«ctlonal  coupling, 
ia  xieg’.lglble.  The  former  assumption  is  generally  oonoeded  to  ba  valid  for  very  thin  dtpolea, 
and  was  found  (see  below)  to  produce  good  agreement  with  experiment  even  In  the  oase  of  rela¬ 
tively  thick  dipoles. 


3.  Special  Assumptions  of  this  Study 

An  additional  requirement  for  etralghtforward  application  of  Eq.  (1)  is  that  a  suffi-sieni  de¬ 
scription  of  the  networks  v/hic!i  drive  the  dipoles  be  taken  into  the  equation*.  It  ia  aaaumad  that 

*  J.O.  Kraut,  Antennoi  (MeGrav«-lllll,  New  Yotfc,  1930). 
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the  dipoles  sre  fed  by  Independent  eonstent  voltage  generators,  wilft  the  IndopendcrtJly  adjustable 
open- Giro !'i;  vollagcH.  tichomatically,  the  circMit  of  each  vMpole  •“!  then  of  the  fonn  of  Fig.  }-6 
(the  Phorling  switch  is  provided  for  fuure  use).  For  simplicity,  and  Bii.ce  it  id  the  usual  case 
for  large  arrays,  ell  generator  imp&dnncas  are  considered  oqjal  and  ail  clement  self- impedances 
as  given  by  Eq.  (41  are  also  oonal  Jered  equal  iTnplj'tjjg  that  the 

ground  plane  is  enough  lai'ger  then  the  array  to  neglect  grounii  piano  edge  elfocts.  It  is  aasumed 
that  includes  any  matching  impedances. 

For  this  type  of  drive,  Eq.  (1)  can  be  rewrltf  jn  in  terms  of  the  drive  voltages,  as 


''mn  ■  *^g  ^mn.pq 


■pq 


''pq  "  ^'pq.mn  ’mn  *  ^'a^  ’pq 


(6) 


The  assumption  ci  indepordent  drive  is  valid  in  arrays  using  a  unilateral  amplifiBr  behind 
each  element.  It  is  further  well  approximated  in  ai  i-ays  using  passive  RF  feed  networks  with 
dlreotionab  coupler  junctions.  It  is,  on  the  other  hand,  certainly  not  valid  for  slnttad  waveguide 
arrays  and  certain  other  types.  WItlle  some  analyses  have  been  made  in  general  terms  of  such 
.structures,*  ^  it  will  not  be  attempted  here. 

It  is  also  assumed  that  no  atU  .npt  is  made  in  the  array  driving  voltages  to  compensate  for 
mutual  coupling  effects.  The  array  elements  are  taken  as  equally  spaced,  as  indicated  In  Fig.  3-7, 
and  the  element  drives  are  supposed  to  be  progressively  phased  nnd  amplitude  tspsrsd  go  that  the 
drive  vollagsB  are  related  to  the  desired  polntlr.g  angle  by 


hJ 


a  c 
mn 


-JkfmD^T^+nDyPjjJ 


(7) 


where  the  a^^  are  the  real  amplitude  taper  ooefflalents,  and  3^,  defines  the  angle  at  whim 
it  Is  desired  to  point  the  beam  (in  the  geomotiy  of  Fig.  3-7)  through  the  equlvalenosN 

r^.Sin0gCOS«„l 

/  .  (f’l 

Po  ”  •ineoBln^o  J 

Lastly,  it  ie  essiunsd  that  reciprocity  appllae  throughout,  and  the  entire  aaklyitis  is  oerrisd 
oui:  from  the  viewpoint  of  a  transmitting  array. 

4,  An  Snet  FormuMion  of  the  Slemsnt  Currants 

The  relationships  of  Eq.  (f)  can  be  expanded  to  inolude  any  number  of  elemenls.  For  large 
numbers,  It  Is  eenvonient  to  use  matrix  notation 

V)  -  [Zi  I]  ,  (9) 

wliero  v]  and  I)  are  column  mairioes  and  (Z]  ia  a  square,  symmetrical  matrix,  the  elements  on 
the  diagonals  being  A  typical  equation  of  the  matrix  is 


'  J.  lUas  Old  S.  J.  Reblnowitz,  "Mutuel  Coupling  In  Twe-Olmeralonol  Amtyi,"  19S7  IRE  WE3CON  Cenventlen 
Reesitf,  Part  I,  pp.  134-139. 

tI.R.  Komlnew  end  R.J,  Stegenf^Wbycgelde  Slot  Amy  Deilun"Teahnleal  Menwretidtim  Ne.  add*  iteghee  Atrenifl 
Ceiapsny,  Culver  City,  California  (I  July  )95t). 
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(10) 


'^mn  "  u  E  ^mn.pq  ^pq  ' 

P  <1 

wht  i-e  Z  „  =  Z  +  Z„. 

mn.mn  g  a 

To  ejiscily  (within  the  pravioualy  stated  assumptions)  formulate  the  currenta  In  terms  of  !))« 
drive  voltajes,  we  formulate  an  admittance  matrix  (Y)  such  that  (Y)  [Z]"^,  and  then  we  have 

typica))y 


'‘o^  *  2  L  'mn,pq  '^pq'''^o' 


or  using  (f)  for  v 


‘mn'’’i- “o'  -  hi  “pq  'mn.pq  " i" 

P  q 

Equation  (It),  wItUa  it  lends  little  phj'slcal  insight  Into  mutual  iiffecta,  will  be  useful  later, 

6.  The  "Element  Gain  X^inction*  Concepi 

If  one  utilizes  the  shorting  switches  Indicated  in  the  aqulvalont  olroults  of  Tig.  3*6,  any  ele> 
msnt  of  the  array  can  ba  separately  enei  gtned,  while  all  others  are  terminated  in  thslr  nomtl 
generator  impede  ncu.  IT  the  radiation  pattern  of  each  alAment  la  aa.jui  iainad  undar  thsae  oondi- 
tlons,  the  total  array  flsld  will  be  tha  sum  of  each  pattern  with  the  proper  phase  delay  as  a  func¬ 
tion  of  poaitlon; 


f_-(r,p)  Is  tha  pattern  of  the  mn‘"  element  when  all  othere  are  pr^erW 
passively  terminated,  ptw  ampere  of  ourrent  into  the  termlnalB 
under  thle  nondltion, 

1  ie  the  current  into  the  terminale  of  the  mn^^  alement  with  all  others 
properly  terminated  (it  li  only  part  of  the  fijm'*  Prevloualy  uaed; 
hence,  we  can  refer  to  1^^^  ae  a  "partial  oturant  ”), 

This  method  of  array  representation  has  the  virtue  that  the  partial  ourrenta  are  independent 
of  eaoh  other  and  aaaignu  the  mutual  coupling  effeeta  almost  entirety  to  the  element  pattern  (the 
quallfiostlon  "almost"  is  required  ainoe  ev«n  with  all  other  elements  paaslvsly  termtnatsd,  tha 
antenna  driving  impodenoe  ia  net  exAotly  Z^). 

Definir,g  the  gain  of  the  array  as  the  ratio  of  the  main  baam  power  density  to  the  total  power 
a ve  liable  to  the  erray  from  its  generators  (thus  pruparly  inoluding  mlamateh  effeeta  In  the  gain), 
we  can  write  the  gain  as  a  ftiuotlon  of  polnfing  anglo  ss 

•  ««> 

■r  T  ?mn 

m  Z  ■*«» 
ran  2 
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where  la  the  real  part  of  the  generator  Impetiattce,  and  tharelttre 

<a 

a 

H 

nia 

rrv  A  O 


is  the  power  available  to  the  array. 

The  partial  c«rroi‘.vt  1__  is  given  by  the  value  of  when  all  a  =0  except  a _ and  is 

^  mn  •  ■'  pq  *  mn 

therefore,  by  (H) 

-JhfjrD  T  +nD  u  I 
1  »  a  Y  e  -t  o  y  o 

TTin  rnn  inn>mu 

*»  V  Y  a 

mn  *mn,mn 

{lail 


F(T.p)  >  SZ  V +'^y<^-»‘e>3J  • 

m  n 


Both  and  Y,.  ^  depend  upon  the  other  (non-driven)  dipoles  In  the  array  only  to  the  ex 
tent  that  the  parasitic  currents  Induced  in  the  other  elements  couple  back  Into  the  mn*".  It  can 
be  established*  that  the  mutual  coupling  between  dipoles  looated  a  distance  s  above  an  infinite 
ground  plane  decays  asymptotically  with  separation  R  as 


}u>4lia:f4  -  K  a* 
^exciting  P 

for  parallel  dipoles,  and 

Jiadussi  K 
‘exciting  ® 


(ISa) 


(ISW 


for  aolllnear  dipoles,  where  and  are  constants,  with  these  variations  booonaing  quite 

accurate  for  apaoings  as  small  as  a  wavelength  for  a  of  the  order  X/4.  Thus,  the  parasitic 

current  varies  as  i/R*  to  1/R'*  compared  to  the  driven  current.  Consequently,  the  effect  of  the 

parasitic  current  on  the  driven  element  varies  as  l/R^  to  l/R^. 

Thus,  both  f__  and  Y  should  bo  relatively  insensitive  to  edge  effeotsi  for  ovtn  a 

mn  n\n,mn  • 

moderate  slaed  array,  we  should  be  able,  with  little  error,  to  approximate  f^^  and  in 

(iO  by  fg^  and  and  write 


F(t,p)  *  II  a„,j  exp{jk[mD^(T  -  -  p^)]}  . 

m  n 

From  (13).  we  heve  then  that  the  gain  of  an  array  which  is  large  enou^  to  justify  these 
assumptionB  will  bo 

a(T  ,  )  a  _  gR.  ..P....  <?.. _  00.00  1 _ muL 


1 


SS  i 


<16) 


*J.L.  Allan,  St  cl.,  op.cit.,  pp.  187-193. 


The  ratio  of  the  aummatlona  iti  ju«t  tha  product  of  the  efficiency  of  the  amplitude  taper  i)  llmei^ 
the  total  number  of  array  elemente  N,|,.  Further,  the  gain  of  a  aingle  driven  element  in  ita  arrity 
environment,  with  all  other  elemente  terminated  in  is,  by  the  definition  of  tjjjnf’',  |.i),  given  by 


'is  If  (1-  .11  )| 

'  mn  o  ' 


!  V. 


!v  Y  1^ 

'  mn  mn.mn' 
— 


mn' 


(17? 


CompariBon  v'ith  (16)  givee  the  simple  resiUt: 


G(V"o* 


8oo<’’o''-'o> 


(18J 


indicating  that  for  a  fixed  number  of  elen).Hnt«  and  a  fixed  amplitude  taper,  the  array  gain  ia 
..■■ampletely  specified  'ey  the  elomont  liatu  futicilon.  of  t  typical  f  lement  If  the  array 

ia  large  enough  so  that  almoat  all  elementa  have  asaentlally  Identioal  gain  funatlona.  Nae  that 
the  element  gain  funotlon  angular  variation  ia  determined  aolely  by  the  pattern  of  a  single  typical 
element  in  the  pasalvely  terminated  array,  |f..„{r,  p)  |  aa  la  apparent  from  (17). 

The  gain  function  concept  hae  conalderable  practical  utility  and  waa  uaed  extenalviily  In  thla 
study.  Toe  prime  retaon  for  ita  utility  Ilea  in  the  fact  that  while  (18)  is  only  accurate  for  arrays 
in  which  eaacntlally  all  gain  functions  are  Identical,  the  gain  funotlon  can  be  datermlnad  (experi¬ 
mentally  or  analytlciUy)  from  «n  array  which  la  onl.y  large  enough  ao  that  the  gain  funotlon  of  the 
■jenter  element  ia  oasontluUy  unaffected  by  enlarging  the  array.  As  justified  below,  for  example, 
a  B  X  S  dipole  array  la  often  sufflolom. 

For  oomputatlonal  purpoaee,  It  ia  useful  to  have  an  exact  analytic  expreaaioi,  for  tha  gain 
funotlon  Cu  «  usuier  elemaul.  Freun  (17),  it  la  eeiin  (ttat  all  that  la  required  la  a  formula  tor 
foolf.  u)-  By  definition  of  f^^^  and  Eq.  (11),  It  ia  eaen  that  the  parasitic  current  In  the  mn*** 
element  with  only  non-zero  is  nuch  that  the  elomont  pattern  of  the  center  alemeni  cun  be 
written  ua 

‘oo  'oo<'^■^‘>  *  E  Z  »oo  ^nm,oo  ' 

m  n 

where  f|(ryf&}  in  the  pAttern  of  en  ieoleted  alerrvent  (above  •  ffrounif  pUnt).  We  have  thut 

l  M  a  Y 
OO  00  00.00  ' 


and  therefore, 


“  Y 


f,(T.p) 


00,00 


EEv, 

m  n 


Further,  we  note  tliat  the  maximum  gain  obtainable  from  an  isolated  element  is 


2 


where  is  the  real  part  of  the  ieolated  element's  self -impedance.  Thus,  we  can  write  the 
ratio  of  the  element  gain  function  to  the  maximum  gain  obtainable  from  a  free-spaoe  •lemimt  ae 


ros 


(19) 


°i  u  <# 

max  i  m 


mn,  oo 


fixp  fJk(niDj^T^  + 


Kor  dij'-iU  s  mounted  e  distance  « 
shown  to  i.iB  ' 

g  <0,  0)  «  *gA0,  0) 

max 


nbove  t)ie  ground  plane,  the  value  of  g<  (0,  0)  can  b« 
jitn‘k«  .  (7.0) 


where  g^(0,  O]  is  the  broadside  gain  of  .  jingle  dipole  In  free  space,  and  is  ue  radiation  re¬ 
sistance  [for  thin,  half-wave  dipolee,^  9^(0,  0)  «  1.64  and  R^  ■■«  73.2o1iin8|.  ‘'fhus,  the  broadside 
([Bin-function  value  In 


I6g^(0.  0)  RgSj. 


TT,^ 


mn.oo 


^  sln^ks 


(21) 


As  the  array  beoomeo  infinite,  we  shall  demonstrate  [sea  ISq.  (29)]  that 

D  D 

goo(0.0)-.4e 

if  the  elementa  are  matched  when  phased  such  that  the  beam  points  at  broadside. 

In  pieslng,  It  should  alon  be  noted  that  the  darlvetloii  of  Sq.  (18)  need  not  explicitly  Involve 
any  mutual  impedance  conoepte.  The  qua.'ntlty  appearing  in  the  derivation  caneelii  out 

In  the  final  reault,  and  alnce  Ita  reoiprooal  is  the  circuit  itrtpodimce  of  the  element  wittt  all 
others  terminated  it  ie  certainly  nori-zero.  Thua,  Sq.  (16)  Is  valid  without  some  of  the  restric¬ 
tive  asaumptione  about  the  suffloienoy  of  mutual,  impedance  ue  u  coupling  description  mentl.med 
In  Sec.B-S  and  should  l)c  s  valid  deeorlptlon  of  gain  for  any  large  array  c>f  nf-mlnslly  Identical 
equally  spncud  elemonts.  The  spacUrio  form  of  the  geln  function  given  by  Sq.  (19)  Is,  of  eouroe, 
dependent  upon  Die  s'jffJctenoy  assumption. 

9.  Some  Largs  Army  Approximations 

As  pointed  out  In  the  previous  section,  the  effects  of  mutual  coupling  fall  off  rapidly  snough 
with  elsmsnt  separation  so  that  one  can,  in  principle,  build  an  array  large  enough  foi‘  any  prs- 
•orlbcd  fraction  of  the  total  number  of  elnments  to  eoo  an  environment  whis'r.  Is  arbitrarily  close 
to  the  environment  that  an  elen.ent  would  see  in  en  infinite  array.  Put  another  way,  the  array 
can  be  made  so  large  tliat  a  negligibly  limall  number  of  elements  suffer  from  "edge  effects."  For 
almost  all  the  elementa  of  such  an  array,  one  ean  greatly  simplify  the  expressions  for  element 
ourrent,  element  driving  impedance  and  gain  function.  How  large  an  array  is  required  to  juetUy 
these  aesumptlons  is  a  question  that  we  will  attempt  to  answer  below. 

If  the  array  is  essentially  Infinite,  ell  elements  will  have  Identical  driving  impadancea  and 
gain  funatlo.yiB,  and  we  can  confine  our  attention  for  convenience  to  the  center  element.  We  fur¬ 
ther  assiunii  that  an  Infinite  array  has  no  measurn.bls  amplitude  taper  over  any  finite  portion  and, 
conaequimtly,  we  can  ignore  Ihe  amplitude  taper  and  write  all  drive  voltages  In  the  form 

’'mn  '■=  ^oo  +  ’^y'^o>l 


*  J.D.  Kroui,  Antoinm  (MEOfow-KII!,  New  York,  !990). 

t  Ibid. 
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I'w  pointing  the  beam  «t.  r  ,,  >‘;-irther.  aii  ei)‘.  vEt's?  will  now  haat-  tnif  ;<■  :rr'  . 

dr!ve  voltages,  and  we  can  ai-iJtojs.ii.iote 


“  ^00  t-  • 

In  this  case,  Eq.  (10)  becomes 

^00  ’  ^00  r.  I  '*P  5-  ■  "^yt‘o> !  • 


Siti^iQ  00  "  **"  driving  impedance  for  the  large  array  case  i«  simply 

p  )  3*  —  Z 

^oo  * 

=  ^a+  ZZ  -oo.mn'”^HWmD^T^+nDyP^)]  , 


(23) 


m, 05^0,0 

where  m,h  9*'  o,o  Implies  the  summation  excludes 

For  deriving  an  expression  for  the  gain  function  for  a  large  array,  we  note  that  as  an  alter* 
native  to  Eq,  (12)  aa  a  representation  of  the  array  lar-fleld,  we  could  formulate  an  expression 
using  the  and  the  pattern  of  an  isolated  element,  f^(r,p); 

F(t,p)  .  f^(T,p)  2Z  <2“*^ 

m  n 

Since*  for  almost  all  clemonta,  the  are  related  to  the  by  the  same  driving  impedance* 

^mn  ”  I'P+k  ’  I-JXt"' Vo  ♦  '^y^‘o'1  ’ 

g  D  g  D 

We  can  rewrite  the  array  gain  expression  uf  (13)  in  the  form; 


Q(VPo) 


£  £  s, 


4R. 


Mu 


IZg  +  Zol 


The  maximum  (matched)  gain  obtainable  from  an  isolated  element  with  driving  impedance  la 


fitiiv*®'’ — 


2R» 


z  4"'|fi{VPol 
" — 


from  which  we  can  write  the  large  array  gain  as 


- ^  E.  t7K,j, 

max 


g 


Comparison  of  this  result  with  Eq.  (IS)  for  the  arrcy  g»In  a  version  of  T,q.  (.t?)  spprqjrUite 
for  large  arrays: 


4R  R 


:  'vriiJ  '  r; — - ^,"'2  • 

Since  this  form,  of  the  gain  function  expression  neatly  ties  the  array  gain  and  eloment  driving 
impedance  together,  it  has  a  numbei'  of  praotlcal  uses.  First,  It  Is  easily  esflabllrahed  that  to 
meximlfie  ths  ratio  of  the  array  gain  at  a  particuU-r  artgle^  to  the  gain  of  the  Isolated  elsmenl,  omo 
should  choose 

Zg  e3p(Tj,l».)  ,  (26,1 

v/horc  T,.!*.  represents  the  angle  at  which  it  Is  desired  .o  maximlee  the  ratio.  If  Z  Is  so  chosen. 

4  *i  fl  * 

the  ratio  rrouces  at  the  angle  ;n  question  to 

”oo  i  ^1'  «  a  , 


■’■rtav  * 


If  v'e  choose  to  muxlml/.e  Eq.  (27-  at  hroadside,  from  Bq,  (20),  wi  can  write 


g^^,(0.0)  =  4g^(r),0)  8ln*ks  ,  (28) 

where  0)  ®ncl  arc  the  broadside  gain  and  rnrHatlon  reaiatanou  of  a  single  (no  ground  plane) 
isolated  dipole,  respectively.  Numer  ically,  for  thin,  half-wave  dlpolee  at  prevluu&ly  Statsd, 

"  (■'^♦2.'  (‘•‘'■4)  »  12C  . 

iStark^  Bhowff  that  for  an  inllnito  array  of  thin  dipoles  »1  length  h, 

llr  W.Of"  j^-sln\*  . 

X  y 

I'hus,  for  L  =>  1/2,  for  the  array  matched  at  broadside, 

gygio.  0)  =  4x  .  (29, 

Thus,  by  (18)  one  has  the  fRiniilar  estprossion  for  the  gain  of  a  largo  array  matohed  for  tha  beam 
pointing  at  broadside! 

0(0,  0)  -  4ir  4  „  , 

since  N,j.DjjDy  =■  A,  'he  total  array  area. 

As  a  further  rsmlflcetlon  of  tlie  dependence  of  the  gelp  fimctlon  on  the  rir-iving  Impedanea, 
consider  a  typical  matching  oirouit  for  a  dipole  in  the  array,  which  matches  a  real  generator 


t An  oltamate  criterion  .na  might  InvattlMta  li  the  queitlon  of  nraxlrnlalng  the  ovetuge  gain  ever  a  wltft.  leannliw 
angle.  Due  to  (he  periodic  nature  of  7.DfT„,(jg),  It  would  appear  Ihot  ihould  be  a  cIom  appradmailen 

to  the  proper  Impedanci,.  Thli  criterion  wot  (tot  punued  In  detail,  however. 

f  L.  Stork,  "Rodlotlon  Impedance  of  a  Dipole  In  on  Infinite  Arroy,"  formol  Teehnlcol  Document  FL«0~S130, 

Hughs*  Alreroft  Company,  Fullerton,  Ceilfomla  (1  May  IWO), 
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Fig.  3-8  CIrcuir  f«  iTWtchliva  8^  fro 
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Fl#.  3-9.  7X9  army  oonflawoflon. 


impedance  to  the  antenna  wKor  j  ^  s.rray  Is  phased  to  look  at  the  angle  r.  p.  ts  shown 

in  Fig.  3-8.  The  voltage  rene.''.tion  cctifJ:  ^  .-  if  'iookirv.;  into  t*  ■  matching  netv/ork  is  defined  i 

r-hzEo 

where  Zj  is  the  impedance  seen  looking  fora  -d  into  the  matchmg  network  tc'  .  sri’,  t'i;:?  : 

It  is  easily  verified  that  r  is  (zero  line  lenc . ur 'turned) 


m 

m 


r(T.p)  = 


Zq(TjP)  +  Z^\T,iL, 


The  antenna  sees  the  generator  impedance  (v  of  Fig.  3-8)  as 
write  (2o)  in  the  form 


and  thi'ji  ,  we  can 


«(t  ,  It  )  R 

.  .  '--t.  >■_  A  I-  ..  ..  I-  mMm  I  A 

tnAx 


r(T.p)r‘ 


thus  clearly  pointing  out  that  the  element  mlsn.tfch  depondr.<  the  difference  between  th'«K  ' 
ment  pattern  in  the  array  and  the  elemer-t  patf'-'-n  ..n  free  (r.pftcis. 

By  the  use  of  the  relationships  d"valoped  .i^iove,  it  i  -  pcvosible  to  compute  gain  functioJBBjt;’ 
driving  po'nt  impedances,  given  expr'erc^ions  f  th'^  seV-  end  mutual  impedances  betweerM|M,l 
in  free  space.  Even  for  a  relativel;'  sumU  arra  v.  the  calculations  rapidly  becomtaW^ii 

whelming  if  attemtited  by  hand.  For  a  IVirge  ‘•.rr.a,>’,  ><.c  cslculations  even  requii  e 

^Kf^’ceot  of- 

niques  in  programming  for  a  largo  digii.il  cf  vnpuler .  Fortunately,  the  gain  function  corgKn 

fers  the  possibility  of  obtaining  nt  eaniiif.'ful  re2.J:t8  fry-  large  arrays  on  a  modest  -.-lized  MKi 

flHf-  Compute 

consequently,  such  computations  can  bu  mt  ria;  c-ri  ii;  a,  straightforward  mamrier  with  a  /■Fy 


“tomputer. 


C.  THE  COMPUTATIONAL  PHOGRKM 

A  program  was  written  for  the  ‘390  to  rampiute  gain  functions  and  drivin^A 
of  tile  center  element  of  plana^■  arra.yp  uy-  to  63.  ■|.•Elents  (limited  'oy  storage).  cMk 
tions  for  the  self-  and  mutual  impedance:;  of  irf’rJtely  thin,  half -wavelength  dip'MJt 
in  the  progrnm.  The  ground  plane  v/as  I'-ccourte  ”  for  by  use  of  Eqs.  (4)  and  (5)^BF 
of  the  program  were:  Mk 


impedances 
[ir/irter*s'l’  equa- 
f'ile.ts  were  used 

t 

The  parameters 


(1)  The  number  o.^  elemavi'cs  i.i  the  arr;v-’  (M  and  N  of  Fig.  3-7),  siJ 
the  restrictio'  I  that  there  always  b*;  odd  number  of  rows  an'4 

(2)  The  element- to-elei-'H’nt  ;iijacing,s  r  ..-  and  Dy,  subject  to  the  rjw 

that  the  element  gidd  be  rectang'  la  .as  in  Fig.  3-7,  ia 

(3)  The  height  c  of  the  dipoU.-a  abmre  xl-.--  ground  plane.  ai 

(4)  The  value  cn  the  gei-.era^cr  circuit  fc:;- jedance  of  the  equivale^g 

of  Fig.  3.  6, 

Single-dipole  patte.-ns  and  self  *  rapedances  wre  first  computed  for 
s/X  =  0.125,  0.187,  0.2:50  and  0.312  (  J  to  in  s^'.  TH-  Patterns  weiSSS 
H-plane  and  diagonal  (45*)  cuts. 

Two  different  siz'xu  arrays  iv'  -n  inv-esti.e'.wf.T..  *  r  t:.< ’mri-ing  th  -  fii.cSg!\ 
7-element  (coUinear  dire  br  9-fcTr.-sseni  array,  a."  inflio'-fflE’ 

5X5  array. 


Hf;.bject  to 
Wi  cobanans, 

p'.estriction 


put  circuit 


P 'ground  plane  heights 
e  crar.mted  i  -r  E-plane, 


‘•fjd  in  35'io.  i- 


1  As  given  in  J.D.  Krcji,  op.cit. 


6st  Availabte  Copy 


1  -j-  1.  V'jrge  array  driving-point  impedance  vrcre  oompi-ted  uainjv  he  larg«  array  ap~ 

V  aly,e3  oi  the 

.  _  for  E-plane.  H-plane  and  diagonal  scans.  Smith  Chart  plots  were  made 

p  - ixtaiatione  |Eq.  « 

,  ...  ,  1  malized  by  (see  Fig.  3-8) 

G  '.nis  impedance  no,r\y\ 

Vw'A  /  j  <>v  t 


- s-TTnn -  • 


j  .  ..  m>.an  angle  determined.  Impedance  data  were  determine?,  for  s/X  =  O.i 25. 

in  ?  /ilues  of  VSWR  vs  Sit  Vi  «  ^ 

0  16  0  2.50  0  ■  and  0^  square  spacings  D^,;  of  0.5.  0.6,  0.7  ind  0,5  v. avcie»*gih. 

.  ,  c  computed  from  Eq.  (19)  and  normalized  by  dividing  ’v  <*-(0  D 

-m  functions  were  thtt\  ^  x  y  ' 

..  ..  ,  .  ^^alized  gain  lup  -'ion  at  6  -  ^  =  0  represents  an  estim..ite  of  the  8uf^<- 

so  tbr  the  value  of  the  noimJJj^  * 


..  ..  ,  .  '^.alized  gain  lup  -t.ion  at  6  -  ^  =  0  represents  an  estim..ite  of  the  8uf^<- 

80  tbr  the  value  of  the  noimJJj^  * 

,  ^^^k^ng  projections  to  large  arrays.  The  value  should  be  unity  [see 

ciency  i  the  array  size  for  m^X  *  s  j  j  i 

,  .  ..  ,  ,  ^  '^^•elected  for  the  impedance  matrix  was 

Eq,  (29  >  since  the  value  of 


Zg  =  z^{0, 0) 


(compute  '  as  described  above)  in  ordetm'°  large-array  gain  at  broadside.  Also  to 

check  so.  11  experlmenta.l  results,  gain  computed  for  the  5  x  5  array  r>r  another 

value  of  as  described  in  Sec.  F.  Valu^'^®"  computed  for  the  values  of  s  and  i!)  given  above. 

D.  COMl  AmSON  OF  COMPUTED  RESULT^^l^^^  ICNOWN  RESULTS 
FOR  I  y  FINITE  ARRAYS  ^ 

Tn  *1.  i-  j  ....  ,  extrapolate  the  results  for  the  two 

in  orde  to  estimate  the  confidence  with  whic^\ 

small  array,  tc  larger  arrays,  two  theoretical  chK" 

the  normaliz  ,i  broadside  gain  function  should  appro^^^^  ^ 

the  generator  •ilrcuit  is  matched  to  the  broadside  driviW^  impedance  of  t’'c  Elements.  .v\:ondly. 

by  virtue  of  Sfrk'st  results,  we  have  a  useful  theoretieW  ->• 

Since  the  calcv'atvxi  values  of  driving  impedance  were  generator  circuit  u.i- 

pedance  in  the  'Mai.rix  calculations  for  the  element  gain  ^ 

of  the  impedant  t  calculations  first.  S 


1.  Accura  '  of  Gmail  Array  Estimation  of  Driving  ^  Array 

Since  the  eli  rvent  driving-point  impedance  was  calculate ^ 


valid  only  for  infinite  .irrays,  the  comparison  of  the  co-nouiec-  known  expr-i- 

sions  for  infinite  ;..;Tay3  appears  to  represent  a  mearungfiil  -es.  .I\  effect  of  array  size  or. 
computations  of  diiving  impedance.  While  Stark  has  given  covr.pi  te 

driving  impedance,  ihe  r«--ulting  representation  for  th.j  react  infinite  series;  hci.ve. 

of  little  help.  His  .  .pre.sion  for  the  resistive  part  of  fh.  d,;  impedance,  however,  consi:,:3 

of  only  as  many  ten.s  as  there  are  visible  grating  lobe,  for  spacing  and  scan  ar  ,-;e. 

Utilizing  his  ext  essioa.  the  curves  of  Fig.  3-iO  were  the  driving  resb.  • 

ance  with  the  array  pitased  to  point  the  beam  at  broadside. 

computed  results  and  'he  results  for  a  truly  infinite  array  s  » 

than  a  quarter-wavele  v»th,  the  7  x  9  array  prediction  is  correM^^  with’n  a  few  pe*-  cent,  whereas 
the  error  in  the  5  x  5  .-  '.  ray  prediction  in  most  cases  reaches  f  of  10  to  15  per  cent  for  that 

spacing.  For  larger  venues  of  a.  the  7  x  9  array  gives  close  /P®'*^*®  D. 

but  in  the  case  of  D  =  0  1.  it  gives  a  value  in  error  by  almost 

t  As  given  in  L.  Stork,  op.c'r. 
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TTie  decrease  in  accuracy  with  s  ia  due  .o  the  increase  iiy  mutual  coupiir*^  that  renults  i.r. 
the  elements  are  raised  off  ihe  ground  screen,  increasing  the  Radiation  of  the  dipolea  Ter  angles 
neer  90*  from  bros.dside  fsee  Eqs.  (tSa)  and  (15b)J . 

Tiie  ability  of  the  umall  arrays  to  accurately  predict  the  dri  ring  impedance  for  "wide"  angles 
of  scan  was  also  checked.  Driving  resistances  for  50*  scans  in  /  jhe  E-  and  H-planes  for  D  =  0.5 
were  plotted  in  Figs.  f.-H(a)  and  (b)  and  are  seen  to  exhibit  the  f-'ome  degree  of  compai'ison  as  the 
data  of  Fig.  3-10:  good  agreement  for  the  7x9  array  and  less  af/ireement  for  the  5X5,  pai-tiiu- 
larly  for  larger  values  of  s.  Also  compthed  were  E-  and  H'pla;^!®  resistances  for  D  =  0.7  for  an 
angle  of  20*.  Tha  data  erthibit  the  same  degree  of  agreement  a;:>i  previous  results. 

m  order  to  check  the  computed  values  of  the  dipole  reactr^/nce  as  a  function  of  scan  angle,  the 
data  given  by  Carter’*'  for  the  driving  impedance  of  the  cents  /'  elemen!  of  a  61 -element  (parallel 
direction)  planar  array,  infinite  in  extent  in  the  coliinear  o'ir^  >ction,  were  used.  Wlien  Carter's 
data  are  transformed  into  the  coordins.te  system  used  here  ’.nd  \plotted  against  our  computed  data, 
the  curves  of  Fig.  3-12  restilt,  for  the  case  of  D  =  0.5X,  s  =  O.z Sox  ;the  only  case  for  which  Carter 


7 


presents  results'. 

The  agreement  is  generally  goofi.  Although  for  some  sca  i  angles  the  percentage  error  in 
0)  is  qul’.e  large,  these  errors  occur  for  angles  for  wh  Vch  the  resistive  part  is  large,  and 
the  subsequent  eiro’*  in  tb*i  impedance  vector  is  quite  small  /' 


2.  Ac.tn;.racy  of  Small  Array  Estimate  of  Array  Broad/side  Gain 

As  previously  pointed  out,  the  results  of  Whcoler*  inr.  'icate  that  the  value  of  the  element  gain 
function  at  troatJside,  when  matched  for  maximuKi  value  ,{xt  this  angle,  should  be  unity.  Fig¬ 
ures  3-13  and  3-14  compare  the  computed  values  of  0)  for  the  7X9  array  and  tl*?  5X5  ar¬ 

ray,  respectively.  The  7X9  array  is  seen  to  produce  value  of  the  normalized  gain  function 
that  is  within  5  per  cent  of  unity  fer  s  less  than  a  qua:  (ter-wavelength,  while  the  accuracy  of  the 
5x5  prediction  is  about  10  per  cant.  It  should  be  re'.;;alled  that  the  value  of  the  generator  im¬ 
pedance  chosen  for  the  computation  of  the  gain  functi  ni  v.'ac  that  predicted  by  the  mutual  imped¬ 
ance  calculation  using  the  large  array  formula  [Eq.  (  ’.3)] ,  Consequently,  the  value  of  the  gain 
function  is  subject  to  the  previously  described  diffe:)ences  between  the  actual  infmito  array  driv¬ 
ing  impedance  at  broadside  md  that  calculated  by  ( t3)  for  the  array  size  in  question. 

Thus,  the  gain  functions  given  are  those  obtain  ble  with  whatevt.r  built-in  mis»,iatch  rer’  Jted. 
The  fact  that  some  mismatch  was  present  appears  .'.o  be  borne  out  by  the  feet  that  for  those  cases 
for  which  the  computed  value  is  considerably  less  'nan  unity,  the  gain  function  computed  was 
actually  greater  at  some  umoll  angle  from  broadsic  -r  than  it  was  at  broadside  by  ■■i  few  per  cent. 
For  exaip.ple.  Fig.  3-15  shows  the  computea  diagor  .al -plane  gain  function  for  D  =  0.5,  s  =  0.375 
for  the  larger  array  in  v/hich  this  effect  is  apparc  at. 


3.  Conclusions 

Based  on  the  above  comparisons,  it  seem  ^  reasonable  to  conclude  that  the  7X9  array  yields 
quite  accurate  "large  array"  data  for  s  up  tr  a  quarter-wavelength  and  reasonably  accurate  data 
lor  {.neater  s.  While  the  information  that  a  5  x  5  array  yields  is  probably  within  the  bounds  of 

*  P.S.  Cor?er .  Jr.,.  "Viih  nl  Impeocmsc  Effeers  in  I  rrgm  Beam  Scanning  ArroySf"  Trcnr,  >Rc,  PGAP  AP-8,  276  (1960). 

I  H.A.  Whsc.ior,  "Tha  ?,i5dictlon  Reiistwce  Of  c  i  Antenna  in  on  Infinite  Arroy  or  VVuvcw'vide,"  froc.  ',?P  36, 

478  (’.v4?). 
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Fig.  >12.  CornfMiriiOfi  of  for  0'^f>,5k,  «  with  nnulh  of  Cor  M. 
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Pig.  S'ISi  Nomollzadgaln  funcllon  of  th(n,  b<ilf>weve  dlpolot 
movnfad  obevo  ground  (f  ■■  0  li  Hoptona);  D  ■  0. KX. 


\ 

the  usual  expe.'imental  errors  <  \  .>v  .-xi  i  t  is  scmewhet  suspect  If  the  dipoles  are  ied 
more  tlian  a  ' ^uarter-wavelePiM;  ab<»  *•  .  cr  L  .t  also  is  seen  that  the  use  o?  the  dri’.’-'n;^, 
pedance  of  Eq.  (23)  in  the  calcuU' lion  ''  c.';i  e'ument  gain  function  shr.  ild  be  a-  jicled  if  aci'  urate 
gain  function  maximization  is  t  --sir' id.  Ti  2  alte: -native  is  io  program  the  computer  to  chc  z 

g 

to  directly  maximize  (19)  at  aivec  !.r-gle. 

E.  SaUHAiet  AND  Oh  COikiPUTED  RESULTS* 

In  this  section,  the  digei'>t<':J  facts  gl  earned  from  the  computations  will  be  described.  The 
broadside  driving-point  imp-  jar.''- e  platted  and  compared  with  the  impedance  that  a  sin;gj  » 

dipole  above  ground  would  havr  irt  fr^c  space.  The  uigles  over  which  the  array  beam  can  he 
scanned  with  less  than  a  3-  :-b  t.o;>3  in  from  the  broadside  value  (assvunlng  the  elements 
matched  at  broadside)  will  :  --'v'-n  for  *he  orincipal  planes.  Finally,  the  maximum  VS'',VR  ob-  r 
tained  in  scanning  to  the  lube  formation  angles  will  be  presented  (for  D  =  0.5,  the  data  , 

will  be  presented  for  an  arbitrary  rngi!.*  o*'  50*).  and  it  will  be  shown  that  an  optimum  value  of^«^ 
exists  for  minimum  VSWR  for  a  giver,  Ii  >.nd  given  maximum  scan  angles.  / 

1.  Variation  of  Bro«dsue  Driving  lmi>edance  with  D  aj>d  s  4 

J 

Figure  3-16  shows  the  computed  driving  impedance  of  the  dipoles  in  the  array  whey,i  it  is 
phased  to  radiate  in  the  broadside  dir.;ctlon.  Also  shown  Is  the  value  of  the  vndiatio'^«in).pedanc( 
of  an  isolated  dipole  above  an  infinite  ground  plane.  It  is  apparent  that  the  array  e’  .vironment 
completely  dominates  the  element,  and  the  impedance  of  the  dipole  in  the  array  vt  widely 
from  its  free-space  value.  1 

The  resistive  component  is  seen  to  decrease  monotonically  (for  the  spacings  -nvestigated) 
with  O  for  a  fixed  s,  as  is  necessaiy  to  cause  the  broadside  element  gain  function  to  increase 
in  direct  proportion  to  the  area  allotted  to  the  element.  \ 

2.  Effects  of  Coupling  on  Scan  A;;igle  Correspondliig  to  S-db  Decrease  in  Gain  | 

The  gain  function  3  -db  points  describe  the  solid  angle  over  which  the  beam  of  a  Jljarge  arra-v 
can  be  scanned  with  lesii  than  3-db  decrease  in  array  gain.  ji 

The  3-db  beamwidth  of  an  isole.teii  dipole  depends  on  how  one  defines  beamwidtt|[^  particularly 
for  large  s,  as  can  be  seen  from  Fig.  3-17,  which  illustrates  the  H-plane  pattern  cjf  a  dipole  3/8X 
above  groimd.  The  curves  of  3-db  isolated-element  beamwidth  vs  s  of  Fig.  3-18  o/an  be  generated, 
depending  upon  whether  •  ae  beamwidth  is  taken  3  db  down  from  the  broadside  gain,  I  or  from  the 
angle  of  maximum  gain.  In  any  evert,  the  beamwidth  is  quite  sensitive  to  s.  | 

When  the  dipole  is  p’aced  in  th';  array,  however,  the  environment  takes  over|  almost  com¬ 
pletely,  as  indicated  in  P  igs.  3-19  and  3-20,  for  the  gain  function  3-db  H-  and  E-jpiane  beamwidths, 
respectively.  The  gain  f motion  le!iniwidths  are  relatively  insensitive  to  s  and  fcorrespond  rou^ily 
to  the  included  angle,  over  which  the  array  can  be  scanned  without  grat|ijig  lobe  formation 

for  D  >  0.5X,  given  by  .j' 

} 

S.  = _ 1 _  I 


*  Some  of  the  computed  gain  f(.?!ctionii  end  impedonce  ploh  from  which  these  data  were  are  preswited 

in  Appendix  A. 
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r!-y\.  1“!5  b#amw5dth  of  tinsl*  dlf.'oU  vt  hoight  s  obova  ground.  (Ujppar  curve  of  each 

^s'li  >s  Ue}\r‘.-r.-j:f*'  roL-^ve  to  broodtide;  lower  curve  U  relative  to  angle  of  mcxlmum  gain.) 


lOQEDl 


Fig.  3-19.  Half-pjw«r  H-plone  baamwidrti  of  gain  function  for  broadside  match  vs  D/X  and 
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The  angle  of  :^-db  gain  uacrtiase  and  the  angle  o;’  grating  iobe  formation  occur  almoat  almuitane'^' 
Qusly  for  most  cassn  in  the  li-plane  In  the  El-plane,  if  good  army  patten;  control  la  neocasary, 
thci  grating  iol'c  forniatron  angle  will  dictate  th«  rnanimum  isoable  scan  angles. 

The  'jain  functions  fi-om  which  these  data  were  plotted  were  computed  under  the  sasuniption 
that  the  eletaini;  drives  were  matched  to  Uic  olamont  driving  impedance  with  the  array  phesed  for 
bi'oacialdc  radiation,  thus  jnaitlmi ring  the  broadside  gain  of  the  array.  It  is  apparent  from  Eq.  (301 
lhat  the  shape  of  the  gain  binctiona  will  be  altered  at  the  expense  of  broadside  gain  if  son-.e  ot.her 
vaiiie  of  generator  clreint  impedance  la  chosen.  Although  a  detailed  study  of  this  effect  was  not 
conducted,  patterns  wore  computed  for  the  5x5  array  for  a  generator  Impedance  matched  to  the 
impedance  of  a  single  leolated  element  (see  Sec.F).  It  was  generally  noted  lhat.in  ndditlon  to  the 
expected  broadside  gain  decrease,  this  mlematoh  caused  an  increase  in  gain  for  certatn  other 
angles  (corresponding  lo  angles  for  which  the  element  drive  impedance  was  approximately  equal 
in  the  iinpednucs  of  an  iauiated  etoment)  and  a  consequent  broadening  of  the  gain  function  beam- 
width.  These  results  indicated  that  the  element  generator  impedance  may  offer  an  intureating 
inol  for  accompliuhing  a  certain  amount  of  'tailoring"  of  the  array  gain  vs  angle  ci  scan  char- 
acieriatics  and  is  pcrhnps  worthy  of  further  inveetlgation. 

3.  Maximum  VSWR  Incurred  During  Scan 

From  the  computed  dala  for  the  7x9  array,  the  maximum  VSWR  that  would  bo  Incurred  in 
c.;ar,nlr.g  to  the  grating  lobe  formation  angle  -  '^*^1"*''-  f^hovo,  w»«  nmnputod,  aasuming  the 

dipoles  were  matched  when  the  array  was  phaaod  for  broadside  as,  for  example,  by  the  circuit 
uf  Fig.  3-8,  For  D  -  0.5,  since  no  grating  lobes  occur  for  any  scan  angles,  a  value  of  ©pjgjj  of 
30°  was  arbitrarily  chosen. 

The  rcauUing  VSWR  plotc  for  scan  In  iha  two  principal  plsnee  are  shown  In  Fig.  .5-21.  Ex¬ 
cept  for  n  O.S,  the  maximum  VSWR  Is  relatively  Insenaltlve  to  s  for  scan  in  the  E-plane,  but 
Increasee  for  a  for  scan  In  the  H-plane.*  Consequently,  there  are  values  of  s  which  are  opti¬ 
mum  In  the  sense  of  minimum  VSWR  for  a  given  spacing  for  speciflsd  scan  limits  in  the  two 
principal  pianae.  The  values  are  indicated  in  the  figure  for  equal  sosiis  in  tho  two  principal 
planes,  end  it  ie  eeen  that  the  wider  the  dipolc-to-dlpole  spacing,  the  closer  the  dlpeias  should 
be  spaced  to  the  ground  plane.  It  is  also  apparent  that; for  all  oasee,  one  can  ohoose  s  such  that 
the  VSWR  does  not  exceed  a  value  of  3:1  end,  for  many  cases,  it  can  be  held  to  about  2:1. 

It  ehould  be  borne  in  mind  that  these  VSWR  values  assume  that  the  dipoles  were  matched  for 
inaxlmum  array  gain  at  broadelde.  It  eeems  likely  that  the  maximum  VSWR  oould  be  still  further 
raduued  by  a  oholoe  of  generator  Impedance  other  than  that  aesuxned,  at  the  cost  of  a  amall  de- 
oreaee  lit  array  gain,  While  thle  poselbltity  was  not  formally  Inveetlgatsd,  several  trim  oases 
v'cre  examined  by  a  "cut  and  try"  proceee,  uelng  the  computed  impedanoe  data  (sea  Appandlx  A), 
without  marked  Improvement.  However,  thle  was  by  no  msans  formal  inquiry  into  the  poaslblli- 
tiea  of  fuch  a  technique. 

F.  SOME  EXPERIMENTAL  RESULTS 

In  erder  to  verify  the  validity  of  the  fvi'egoing  calculated  results,  and  also  to  test  the  sensi¬ 
tivity  of  the  effects  of  mutual  coupling  on  the  exact  charaoteristles  of  the  dipoles,  some  experi¬ 
mental  eliimem  gain  functions  were  mea8'ju:ed. 

*  The  diffenmee  In  the  n  '  e  of  the  E-plone  curvei  for  C/k  *  O.S  and  diewe  for  ether  qxiclngt  Ii  prtMrrMdily  due 
to  the  fact  that  tha  dipole  kid*  ora  Infinitely  eleie  (tevehlng,  that  li)  for  holf-wavelength  tpaeing. 


Ci'Oiitittd  (lipolBS  were,  used  to  fHCiiitate  measurement  of  E-  and  H-plano  patterns,  siavje  only 
f.  ainrflu-iAn;  niouiU  wart  avullaljlt .  A  l>>li;al  uipolo  is  sh-'.-j'r  u\  Fig.  3-22.  Tt  Is  seen  to  be  a  poor 
approKlination  io  the  matliemaltcal  models  asaiimed  :.n  tlio  computations;  namely,  a  thin,  half- 
wavelength  dipole  with  negligible  feed  structure.  The  dipole  length  is  6  inches,  or  at  the  operat¬ 
ing  of  900  Mops,  0.46?i.  The  dipole  erms  are  of  i-inoh  stoi.-k  for  a  ratio  of  length  to  thlokress 
'M  24.  The  feed  structure  la  a  conventional  a/4  balun,  resulting  in  an  appreciable  feed  structure. 
The  base  plates  are  constructed  ao  that  they  will  fit  through  square  holes  in  the  ground  plane, 
facilitating  variaiion  of  the  height  of  the  olement  above  a  ground  plana. 

The  dipole  feeds  were  designed  to  provide  a  nominal  match  at  s  °  X/4,  Measured  VSWn’s 
ranged  up  to  1.4  for  this  value  of  a  for  all  auoh  dipoles,  wltlt  1.2  being  a  typical  number.  Cross- 
coupling  between  orthogonal  dipoles  was  typically  -SOdb. 

The  dipoles  were  arrayed  on  a  largo  (16  k  16-foot)  ground  plane  with  Interchangeable 
6  y  6-foot  center  ssctiona,  aa  shown  in  Fig,  3-23.  ‘i'he  center  dipole  woo  aeleoted  to  be  one  with 
a  small  VSWU  when  isolated  at  s  °  X/4.  A  dipole  with  good  inaioh  was  mounted  a  quarter-wave 
above  another  large  ground  plane  and  used  as  a  reference,  as  ahown  .it  J.’‘ig,  3-24.  All  meaaui'e- 
meiils  were  mode  on  the  600  foot  range  of  the  Lincoln  Laboratory  Ground  Reflection  Antonn* 
Range." 

Rather  than  attempt  to  match  all  dipoles  for  each  L)  and  s,  it  wai  decided  to  leave  the  dlpal6.i 
unmatched.  It  was  assumed  that  the  dipole  feed  systems  matched  a  SO-oHm  generator  to  the  aelf- 
Impedance  of  a  thin,  half-wave  dipole  at  e  >  X/4;  namely,  S3. 6  4  j  V2,4ohm8.  Ihit  another  way, 
it  was  aeaumed  that  the  generator  impedance  was  85,6  -  j  72.4  ohms.  The  computations  wire  then 
ro-run  for  thia  value  of  for  a  5  X  3  array. 

Experimental  element  gain  funntlona  were  measured  for  a/x  >  0.123,  0,230  and  0,375  for 
D/X  “  0.6  and  0.8.  The  pertinent  comparisons  between  the  calculated  and  measured  gain  functions 
arc  indicated  In  Table  3-1.  Except  for  a  »  0.3  73,  the  agreement  la  seen  to  be  very  good  with  re¬ 
gard  to  gain,  and  all  beamwldtha  oheck  oloaely. 


TABLIt:  3-i 

COMPAftlSON  OF  T^SUREO  AND  CALCULATED  PAIN  FUNCTIONS  FOR  5X8  ARRAY 


DA 

t/\ 

Broodilde  Ooln 
(eeleulutad) 

<*)  i 

Broodilde  Oaln 
(meoivrad) 

(db) 

’~*  — — — n 

Beemwldth 

(eeleuleled) 

H  C 

BaemwMth 

(meaiurad) 

H  E 

0.6 

o.m 

6.11 

6.0 

90 

83 

88 

84 

0.250 

5.8 

5.5 

93 

103 

96 

104 

O.JW 

3,56 

4.5 

128 

119 

103 

120 

O.B 

0.123 

8.0 

8.0 

69 

64 

72 

64 

0.250 

9.  »2 

9.0 

44 

63 

44 

68 

0.375 

7.8 

8.25 

34 

66 

30 

68 

If  the  broadaide  gain  values  are  adjusted  for  the  aasumsd  mismatch,  values  within  10  per 
cent  of  remit  except  for  the  case  D/X  ■*  0.6,  a/X  »  0.375,  for  which  the  result  is  In  error 

by  13  per  cent  (on  the  low  side). 

*  A.  Cohen  and  A.  W,  Meiteie,  "Tlw  Unealn  Laboratory  Aitrenna  Test  Range,"  Mie^rva  J.  4,  57  (April  IMl). 


Fig.  3>2S.  Caloulottcl  and  moasurod  gain  functlsni  for  eantar  alament 
a(  ix  3  array  for  DA"  0,d,  t/\  ■  6.250  and  "  65.7-  [72.3  ohmt. 


It  was  also  obaorvtd  that  the  effect  of  the  mtamatoh,  while  lowering  the  bror.deide  g«.ln,  In- 
crottaed  the  gain  at  ‘jome  other  angle,  and  the  gain  fnnctlons  tended  to  "peak  up"  at  some  angle* 
other  than  bx'oadBldi),  tilnce  a  matched  condition  la  approached  for  thle  angle.  Figures  t-2S(a)and 
(b)  iilnstrate  such  a  case. 

O.  CWCLUBIONS  AND  0B8EHVAT10N8 

It  Is  apparent  from  the  foregoing  I'esulta  that  the  array  environment,  through  mutual  ooupllng, 
dominatee  the  Individual  element  In  fixing  the  array  behavior;  that  ta,  the  properties  fgaln,  beam- 
width,  Impedance)  of  the  individual  ditiolea  are  drast'lnally  altered  when  the  elements  are  placed 
in  the  array.  Roughly  speaking,  the  effeota  of  the  ooupllng  on  array  gain  are  to: 

(1)  Render  the  broadside  element  gain  function  equal  to  4rDV^^>  easen- 

nally  regardlosa  «jf  the  gain  of  tho  element  when  isolated  (assuming  the 
elemeni'.a  marched  at  broadside), 

(2)  Force  the  beamwldth  of  tho  gain  function  to  conform  to  the  grating  lobe 
formation  angles  of  the  array. 

These  modlfiCAttona  are  acoomplishsd  through  the  mechanism  of  an  element  driving  imped¬ 
ance  which  varies  with  array  pointing  angle  to  modify  the  isolated  dipole  pattern  to  conform  with 
the  above. 

Thus,  one  might  make  the  observation  that  mutual  ooupllng,  rather  titan  being  a  ourse,  is 
at  less;  r  partial  bloaviing  In  the  sense  that  it  makes  an  array  behave  .according  to  logic  (mors 
appropriately,  perhaps,  acuording  to  directivity  considerations). 

Finally,  it  te  seen  that  there  are  still  degrees  of  freedom  available  to  aid  in  reducing  the 
most  li'oubleaome  aspect  of  mutual  impedanoe,  at  leaat  to  the  transmitter  engineer:  the  VSWR 
in  the  feed  line.  Uy  virtue  of  Sq.  (30),  it  is  apparent  that  to  minimize  tho  VSWIt,  one  should  at¬ 
tempt  to  uhooae  a  radiating  "element"  having  a  gain  pattern,  when  isolated,  that  closely  approxl- 
mstes  the  element  gain  function  that  directivity  considerations  Indioste  will  prevail  in  the  array, 
Such  a  choice  usn  consist  of  either  selecting  an  appropriate  value  of  s,  as  extJlored  above,  or 
mors  eao*’erio  tohemos,  such  as  placing  "fences"  between  the  ends  of  the  dipoles,*  as  indlostad 
in  Fig.  3-26. 

If  the  fences'  lisight,  h,  extended  to  infinity,  the  dipole  would  be  imaged  as  indlostad,  and 
Is  partially  imaged  for  h  >  a.  Thus,  a  single  "element"  (dipole,  ground  screen  and  fenoes)  looks 
like  an  array  in  the  E-plane  directlori,  pliseed  for  broadside,  and  the  Isolated  element  pattern 
nhould  vti7  closely  approximate  the  gain  function.  Such  fenoes  in  tlie  H-pltne  do  not  perform  a 
uimiiar  function,  since  the  images  alternate  in  sign. 
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Aj?PENCIX  A 


Figures  3-27  through  3-50  present  many  of  the  oomputod  gain  funotiona  and  Smith  Chart 
plots  of  the  normalizeii  Impedance  looking  into  a  feed  olrcuit,  as  shown  in  FI*.  3-ft,  for  the 
V  y  e  nrray.  Since  several  tiisadvantagna  of  using  dipole  heights  much  greater  than  s  =  X/4  have 
been  pointed  out.  correeponding  plots  are  omitted. 

The  gain  funotlons  and  Smith  Charta  uru  presented  for  B-,  H-  and  diagonal-plane  laana, 
with  the  numerici!.!  values  representing  the  angle  6  measured  from  broadalJa  (Fis.  3-7).  Tlie 
Smith  Charts  also  indicate  the  impedance  of  a  single  dipole  above  ground,  iiunnallied,  and  the 
gain  function  plate  indicate  the  angle  over  which  the  beam  of  the  array  can  be  eaanned  with 
than  3-db  lose  in  cns-v.'ay  gain. 


f\a.  3-27.  VorloHoo  in  normolized  driving  impedance,  Zd(4>,  0)/Rd(O,O),  with  tcan  angle 

for  center  element  of  9  X  7  array  for  element  spoci^  D  =  0.5X  and 

ground  plane  $*  0. 123X.  Also  given  are  the  ir^dance  of  on  isohted  eluent,  and 

the  'oloe  of  Zp(0,0).  "nre  no-malized  valve  of  Z  is  indicated  on  the  chart. 


2  2 

Fig.  3-28.  Normalized  gain  function,  gof,(9/ A  )/ 
for  center  element  of  9X7array  for  element  spacing  D=0.5X 
and  element  height  above  ground  plane  s  •  0. 125X.  Also  in¬ 
dicated  is  the  include  angle  over  whioh  the  array  may  be 
scanned  in  each  plane  with  less  than  3-flb  loss  in  gain. 


Best  Available  Copy 


FlQf  3-29,  Variation  In  normaltzMi  driving  Itnpadanoa,  Zd(o,^/Rq(0,0),  with  scon  ongli 
for  eontar  alamant  of  9  X  7  orroy  for  aiamant  ipacing  D  0,5X  and  alamant  halght  ob^a 
ground  plana  •  0. 1 8A,  Alto  gtvan  ara  tha  Impadonea  of  on  liolalad  alamant,  Z  ,  and 
tfia  value  of  Zq(0,0).  Tha  normalized  value  of  ?  li  Indicated  on  tha  chart.  ° 


Fig.  3-30,  M(;;Tiiall7.ad  gain  function,  gpo(9r  /^^), 

for  cer.!*i-  «l„Mont  of  9X7arr  fei’ .  ,':,i  vi<  '5  -v..v 

ond  clement  height  obova  grr.  vS  plo-  4  *■  0,  .'J7A.  Alto  In- 
dicotad  It  the  Included  on^'  >,.  ■  w'  Ich  >h">  arre-  ay  h* 
leonnad  In  each  plane  with  «  tfn  >db  v  t  In  -.tr. 
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Ftp.  >31 .  VorloHon  In  nortnalUiKl  driving  Itnptikmea,  Zd(*,  6)/I<o(0,0),  with  is«  engl* 
for  e«nl«r  •linMnl  of  9  X  7  erroy  for  •lomont  ipoclng  D  >  0.5X  ond  olwnonf  height  <^e 
ground  plane  i  ■  0.230X,  Alio  given  ore  the  Iinpedanee  of  on  Ijoloied  element,  Z  ,  ond 
the  volue  of  Zjj(0,0).  The  notmollned  volue  of  Zg  l»  Indicated  on  the  chort. 


2  2 

Fig.  3-32.  Nomialleed  gain  function,  goo^9.9)/(4itD  /X  ), 
for  center  element  of  9X7array  for  element  ipaelng  D^O.SX 
and  element  height  above  ground  plane  i  °  0,230X.  Alio  In- 
dleoted  li  the  Included  onglo  ever  which  the  array  may  be 
wonnrsd  In  each  clone  with  leu  then  3-db  Ion  In  gain. 
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Pig.  3"33.  VarloHon  In  normollind  drlvlnc  Impudonct,  won  onol* 

for  eontor  olomont  of  9  X  7  orroy  for  •lomont  ifoelng  P »'  0.6X  end  oi^onf  holght  obevo 
orsund  piano  i  “  0. 123X.  Alw  givon  oro  tlio  of  on  Iiolptod  #'!omon»,  Z  ,  ond 

th#  voluo  of  Z|5(0,0).  Tho  normollood  voluo  of  Z  It  Indleofod  on  fno  eKorr. 


Fig.  3“34.  Nermollind  gain  function,  goo(9'9)/(4uoVx  ), 
for  contar  olomonf  of  9X7array  for  olomonf  tpoelrtg  [>”0.9X 
<<nd  •l•mon'l  height  obovo  ground  piano  i "  0. 123X,  Alio  In- 
dlcowd  It  tho  Includod  onglo  over  which  Iho  array  may  bo 
ironnod  In  ooch  picmo  with  low  thon  3*db  low  In  gain. 


Z^4 


Pig.  a*3S.  Variation  In  normalUod  driving  Impodoncoj  Z|;)(^,9)/Rd(0|0),  with  icon  onglo 
for  Aontor  elomnnt  of  9  X  7  orroy  for  olimant  ipacing  D  ■  0.6X  and  olomant  holght  obovo 
ground  plena  t  '•  0. 167X.  Alto  glvtn  ora  tho  ti^adanei  of  art  lielolod  olotnont,  Z  ,  end 
iha  volua  of  ZjjfQ.O).  tho  normollxed  value  of  Z  It  Indleotod  on  tht  ehart. 


Pig.  3-36.  Normollxod  gain  function,  goo(f,6)/(4*Dyn  ), 
for  center  alemont  of  9X7  array  for  elomont  tpoclng  D^O.dX 
end  olainsnt  htight  obovo  greirnd  piano  •  ^  0.I87X.  Alio  in¬ 
dicated  li  tho  Included  angle  over  which  the  array  muy  bo 
iconned  in  each  plane  with  lets  (han  3-db  loss  In  goln. 
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Fig.  3-'37i  Vortatton  In  normalltad  lirlytng  InifMHkmc*,  Zq(4>,  S)/ltQ(0,0.'v  with  icon  mglt 
for  eonrtr  oltmint  of  9  X  7  array  for  alomont  ipoeing  D»0.A>i  and  olomanr  hatght  obovo 
ground  piano  i  >•  0,250X,  Alio  gtvon  oro  tha  Impadmoo  of  on  Iwloltd  olomonf,  Z^,  end 
the  value  of  Zq(0/0).  Th#  nonnoltxad  value  of  Z  li  Indtcoied  on  the  ohori.  ° 
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Flg.S'SB.  Normollied  gain  funetlon, 
for  center  elantent  of  9X7erray  for  element  ipoeing 
end  element  height  above  ground  plans  i  0.350X.  Alio  In¬ 
dicated  U  the  Included  angle  ever  which  the  orrov  moy  be 
icanned  In  eo';!)  plans  with  leu  than  3-(8t  lou  In  goin. 
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Fig.  3'39,  Variation  In  noimallMd  driving  Impodonea,  Z[)(g,  ^/Rd(0,0),  with  leon  ongla 
far  enntar  alamnni  ef  9  X  7  array  for  alamani  ijMelng  D  ■  0.7N  and  alontonl  Ulght  ofaava 
ground  plant  I  0i123>i.  Alto  givan  ora  iha  linpadanet  of  an  iMlatad  alamant,  Z-,  and 
iha  volua  of  Zq(0,0).  'Iha  nomallxad  valua  of  Z  li  Indlcolad  on  tha  chart.  ° 


7  9 

Flgi  3-40,.  Noimellzad  gain  function,  gp^(g,e)/(4irDVX‘), 
for  enntar  alamant  of  9X7array  for  alamant  ipaeing  D>0.7^ 
ond  alamant  Haight  afaova  ground  plana  •  »  0.  t25X.  Alio  In* 
dlcotad  li  tha  Includod  ongla  over  which  tha  orrov  moy  ba 
iconned  In  aoeh  plane  with  le»  than  3-cb  luu  lo  gain. 


Ftfi,  3-41 .  Variation  In  n«fmalU«d  drlvlne  Impodonca,  Zi>(f ,  6)Ad(*^>0),  with  lean  onglo 
for  canter  aloment  of  9  X  7  array  for  alornint  ipaolng  D**  0.7X  and  elantent  halght  above 
ground  plane  i  ■■0<I87X.  Alio  glvm  nr*  the  liiyiedence  of  on  lielated  element/  Z  ,  ond 
the  value  of  Z|^(0,0).  The  normalised  value  of  1  li  Indicated  on  the  ohort. 


FIj.  3-42.  Normollxed  guln  function i 
for  center  element  of  9X7ortay  for  element  ipoclng  0"0.  A 
and  element  helghr  above  ground  pler,a  :  0. 187X.  Alto  In¬ 
dicated  li  the  Included  cngle  ever  which  the  array  may  be 
icormed  In  each  plane  with leti  than  3-db  lou  In  gam. 
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FIqi  9-45.  Var'dtien  In  nwmallzcd  driving  Impadonen,  Z()(*,  I9/R()(0,0),  with  won  ongti 
for  ftontor  •!«  imt  ef  9  X  7  oroy  for  tlutumt  ipcielng  D  «  O.Bh  mm  •Iwnonl  iMight  alamo 
ground  piano  i  ■  0.I25X.  AIm  glvon  ero  Hit  Itnoodonet  of  on  iMlotod  olomont,  Z.,  and 
iho  voluo  of  Z^(0,0).  Tho  noitnollMd  voluo  of  Z  li  IhdleoMd  on  Iho  ehtwt.  ° 


Fig.  3-46.  Mormollzod  gain  funetlon, 
for  cantor  olomont  of  9X7array  for  aloimnt  ipoalng  b*0.(A 
Mid  rlemont  holght  obovo  graund  piano  « ‘‘  Q>.  Alto  In- 
dlootod  It  tho  Snoludod  anglfi  ovor  which  tho  array  may  bo 
iconnod  iii  ooeh  pluiio  wllhlttJ  than  3-db  lott  In  gain. 


rig.  3-49.  Variation  In  norniaHuil  driving  l>np«dane«,  Z^g,Q)/RD(O,0),  with  H«n  (ingU 
for  oofltor  olwntttf  of  9  X  7  array  for  oiomont  ipoclng  D  »  O.BX  end  elwtMnt  hatght  obmo 
ground  plono  t 0.2S0>i.  Alto  given  are  lh«  Impodaneo  of  on  lioletod  aieowntf  Z  .  end 
the  value  of  Zq'10,0).  The  nomwllud  value  of  Z  It  Indteated  on  Itio  chert. 


tl«4«l 


Pig.  3-M.  Nornialliad  pain  funetloo,  8oo^9' 
for  oonter  olemont  of  9X7cHToy  for  oltmtnt  upaclng  DmO.^*. 
and  oloment  height  obeva  ground  plane  >  ■■  0. 2SCIK.  Alto  In- 
dlealed  It  'he  Included  ongle  over  which  the  nrrey  may  be 
•conned  In  each  plane  with  la*i  thon  3-dls  leu  In  gain. 
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CHAPTER  n 

SHORT-PULSE  LIMITATION  OF  PHASED  ARRAYS 


SUMMARY  J.  H.  SWar 

’’’he  norformance  of  a  large  phased  (aa  contrasted  to  delayed)  array  radar  la  known  to 
depredate  ns  a  resuH:  a!  the  propagation  time  across  the  array  II  short  pulses  are  transmitted. 

In  this  chapter,  these  olfecta  are  analyzed,  and  quantitative  estlmutes  ot  their  magnitudes  are 
determined  for  arrays  using  frequency-insensitive  phase  shifters.  The  ctudies  will  be  ms.de 
for  a  linear  array:  similar  effects  manifest  themselves  In  plane’'  arrays. 

Under  the  assumption  thsl  the  array  usee  constant  phase  shifters  for  beam  positioning  and 
inflnltcRlmal  dipoles  for  radiating,  the  Impulse  response  of  the  radar  system  Is  derived.  The 
upni  allori  of  tho  array  radar  with  uniform  amplitude  taper  and  rectangular  pulses  la  then  studied 
In  detail.  An  energ}'  loss  which  Increases  as  the  beam  is  pointed  farther  off-hroadslde  is  shown 
to  exist,  and  curves  are  plotted  for  the  sigiuil-to-notse  ratio  at  the  receiver  output  as  a  function 
of  the  pulae  longfih  for  two  types  of  matched  filters.  Onu  is  .oatched  to  the  rectangular  pulse; 
the  other  Is  matched  to  the  distorted  return. 

Radar  resolution  capability  Is  also  stuuled.  Waveforma  of  the  rooeiver  output)!  are  calcu¬ 
lated  and  compared  with  the  outputs  In  the  undlstorted  case.  For  very  short  pulses,  resolution 
Ib  rndirnlly  depreciated. 

Finally,  accuracy  limitations  are  considered.  A  cun'c  indicating  the  wtriance  of  range  es¬ 
timates  is  plotted  as  a  function  of  pulse  length. 

A.  INTRODUCTION 

Electronically'  scanned  arrays  can  be  classified  according  to  the  technique  used  for  com. 
blnlng  the  signals  from  the  separate  antenna  elements  into  a  single  coherent  array  output.  If 
delay  lines  are  used,  a  delayed  array  resuKui.  If  phaee  shifters  are  employed,  the  system  Is 
called  a  phased  array.  The  principal  difference  between  these  methods  Is  the  variation  of  car¬ 
rier  phase  shift  with,  frequency.  A  delayed  array  operates  using  phase  shift  that  is  linear  with 
frequency;  a  phased  array  uses  ptmee  shift  that  Is  Insensitive  to  frequency  changes.  Although 
the  first  system  U  more  desirable  for  wideband  signals,  It  Is  dl.iTcult  to  Instrument  when  rapid 
acannlng  is  desired,  and  phased  arrays  are  often  selected  Instead.  In  this  report,  the  operations 
of  a  phased  array  and  a  delayed  array  are  compared  for  the  wideband  signal  uase. 

Folh^  has  aiiuiyzed  the  behavior  of  large -aporture  entonnaa  and  has  given  expressions  for 
the  antenna  pattern  as  a  function  of  time  ^nr  stepped  sinusoidal  excitation.  Hla  aPAlysls  reveals 
an  Initial  transient  for  the  pattern  to  be  establlshod.  B.  R.  Mayo,  et  have  more  recently 
determined  the  impulse  response  of  a  continuous  aperture  and  have  applied  their  results  to  ob¬ 
tain  a  generalized  tu'ublguity  function,  By  using  similar  metnoda,  the  impulse  response  of  a 
discrete  imuai  array  using  phase  shifters  Inseneitlve  to  frequency  will  be  obtained  here. 

B.  ASSUMPTIONS 

These  aaeumptlons  apply  in  tho  follo-.t-liiB  analysts; 


*C,  Polk..  "Tra)).ilent  Behovlor  n(  Aperture  Antennal,"  Proe.  IRE  1281  (1960). 

fB.R.  Mavc,  P,W.  Howelli  Oitd  W.B.  Adami,  "Generalized  Linear  Rodar  Analyili,"  Microwave  J.  4,  8 
(Auguit  1961).  “ 


(i)  Tlie  linear  array  is  oriented  ftlonj  tho  j-.p.':ia  of  a  ’•ac.tansular  coordinate 
ayatcm  (Fig,  3-51). 

{?.)  The  effects  of  interest  arc  due  to  phenomena  In  the  x-y  plane. 

(3)  The  coordinate  system  of  IntcrBst  is  tin;  clraulur  cylindrical  system 
with  0  measured  from  the  x-aulfc  of  the  reetaiigulai'  ayateir.. 

(t;  The  radiating  elements  are  Infinitesimal  dipoles  polnrlT.ert  in  the 
a-dlrectlon. 

(5)  The  phase  shifters  operate  independently  of  frequency. 

((>)  The  exponential  representation  of  signals  is  used  throughout;  taking 
the  real  part  is  assumed. 

(7)  The  letter  K.  subscripted  by  an  Index,  la  uasd  as  a  constant  and  la 
different  for  each  Index. 


C.  SIGNAL  lUCfilPONSF  OF  PHASED  AHRAY  ANTENNAS 
1.  ImpuUe  .Heaponse  of  Antenna  Syatem 

We  will  consider  a  linear  array  of  length  L,  with  element  spacing  D,  of  N  Infinitesimal 
dipoles  polarlit'd  In  the  a-dlrectlon  (Fig.  3.-5t),  The  dipole  hi  fad  by  a  network  which  ampli¬ 
fies  the  signal  by  n  gain  n(n)  and  pliaoe  shifts  the  carrier  by  an  angle  4i(n)  as  In  Fig.  3.52. 

To  determine  Ilia  impulao  response,  assurne  that  an  impulse  is  fed  into  the  array  feed  net¬ 
work.  All  antumia  elnneiila  are  slmultanoougjy  excited  by  Impuloas.  Now  consider  the  signal 
received  at  a  point  P,  which  la  located  In  the  x-y  plane  and  has  the  cylindrical  coordinates 
(r^i  i  ■  6)-  Kach  separately  excited  dipole  will  act  an  an  Indopundent  signal  source  (Ignoring 
mutual  coupling  effects)  snd  therefore  sn  impulse  will  arrive  at  P  from  each  of  the  antsnnas.* 
However,  the  N  Impulses  will  not  arrive  simultaneously  but  will  be  ssparatod  In  time  by 


This  time  delay  is  due  lo  the  diffsrantlal  distance  between  array  elements.  The  impulse  from 
the  r.***  element  will  have  a  magnitude  a(n)  and,  ae  a  result,  the  Impulse  train  received  nt  P  will 
have  an  envelope  proportional  to  the  array  amplitude  dletrlbuUon, 

If  there  le  u  target  located  at  P,  oaob  Impulee  will  be  reflected  back  to  the  antenna  iiyetam 
where  it  le  received  by  the  N  dipolee.  A  pe.rtlcular  ImpuiBs  v/111  be  received  by  euecesetve  an¬ 
tennae  with  a  Ume  separation  t^j.  Tho  signal  at  each  element  will  be  weighted  and  phase-ahlftsd 
tgaln  before  eummetlon  in  the  array  fu«d  aystnin.  Thi*rsfore.  If  a  single  Impulse  Is  transmitted, 
the  output  of  the  array  feed  ayatem  ie  a  aerlea  of  2N  Impuluea  with  envelope  equal  to  the  convolu¬ 
tion  of  the  array  amplitude  dlatrtbutlon  with  ttaeU.  M'athematloally,  thla  may  be  represented  by 
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h(t)  -  w? 


+L./D 
6  V 

wr  L 

PI"  -  h/D 


w  aiO  1  / 

axp  j  sinij 


0 


^  •(ii)  a(tri— n) 

n«-L/2D 


Tills  expi'i’selon  le  readily  hiterprnted  as  a  series  of  ZN  Impulses  spaced  D/c  slnf  apart.  Each 
le  weighted  by  a  factor  E(m),  «od  Ihe  unllre  group  Is  delayed  by  2i’^/c,  the  two-way  travel  time. 
A  carrier  phase  ehlft  term  Is  included  which  Is  necessary  to  determine  the  response  to  modu¬ 
lated  carrier  signals. 


*  The  rMuSli  of  fhli  inlultlvs  orgumanr  ore  verified  by  o  more  rigorous  analysis  In  Appindix  A,  using  onrtntvu  end 
signal,  thaory. 
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The  impulso  cr.vrlnpc  F;(mi  1b  defined  by 
+JL/aD 

E(ni)  a  ^  a(n)  a(m  —  ri) 
n=-L/2D 

This  is  seen  to  bu  the  '■onvotutton  .;f  the  array  amplitude  taper  with  itself.  For  a  uniform  taper, 
therefore.  E(<J  la  ti'Uiigular.  Other  amplitude  tapers  result  In  other  impulse  envelopes  which 
can  be  ooiiiputed  from  the  above  deflnltlon.s. 

2.  Kesponao  to  Signals 

Using  the  Impulse  reaponae  determined  in  the  previous  section.  It  is  possible  to  calculate 
the  response,  0(t),  to  n  radar  signal,  8(t),  by  convolution; 

0(t)  -  J  b(T)  2(t  t)  dr  . 

However,  h(t)  consists  of  a  trsfn  of  Impulses  with  an  envelope  proportional  to  the  convolution  of 
the  array  amplitude  Uper  with  Itself.  Exact  computation  of  0(t)  Involves  convolving  sit!  v/ith 
each  Impulse,  weighting  the  result,  and  then  summing  over-all  Impulses.  This  leadu  to 

+L/D  , 

Oil)  »  £  s(t~  8ln{)  Eli) 

is-'U/D 

Sums  of  this  type  jire  tedious  to  compute.  Therefore,  In  the  remainder  of  this  report,  hit) 
will  be  approidmatod  by  the  continuous  envelope.  This  approximation  la  equivalent  to  assuming 
that  Olt)  ill  'iow-aass-flltered  after  recaption  and  Is  reasonable  It  t)ie  alg:utl  can  be  considered 
woll'SaiTiplod  by  samples  spaced  D/c  sin{  apart. 

It  has  been  demonstrated  that  hit)  is  a  series  of  Impulses  spaced  D/c  sin{  apart  In  time  and 
that  the  Impulse  has  weight  Elm).  When  assuming  a  continuous  hit),  it  is  readily  apparent 
Diet  the  value  of  hit)  at  time  t  «  |l2r^/c)  -mO/c  eln<  )  ts  Elm).  That  le; 

h(~?  -  2^sln«J  ■  Elm)  , 
or 

/Zr.  -  tc\ 

The  values  of  E(y)  for  nnn-tntegral  argument  arc  obtained  by  convolution  of  tliv  wiVvlupe  of  the 
array  Illumination  In  Die  same  way  as  tlie  values  for  integrsl  argument  are  obtained  by  oonvolu* 
tion  of  the  actual  impulaes.  Consequently, 

C*  /i»  /2r  -  Tov 

Olt)  =  j  hlr}  sit  -  T)  dT  =  ]  ^  E  j  »(t  -  T)  dT 

The  noxmaUsation, 

ptL/2 

\  bIx)  '  dx  =  1  , 

Implies  t)iat  E|0)  <=  i,  thereby  guaranteeing  a  return  equal  to  the  transmitted  signal  delayed  by 
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2i'^/c,  tbt;  radar  ranjsi.ig  t(m«.  i‘or  ^  0,  the  return  )«  lio  longer  a  reproduction  of  the  trans- 

mlsaion,  but  has  a  transient  whiuh  Increaaea  with  {  .  Tlio  effect  of  the  transient  v/tU  be  examimjid 
in  greater  detail 

3.  Response  to  Square  Pulse 

Throushout  the  remainder  of  thla  clinpter,  discuBtlon  will  t?e  llmltec  to  tlio  phenomena  re¬ 
sulting  when  a  square  pulse  ia  iranamltted,  and  received  with  a  uniformly  lUumliuited  array. 

Thin  will  serve  to  illustrate  the  more  general  results  obtained  in  the  previous  sections  and  to 
indicste  the  extent  of  the  ndvers*  effects  brought  on  by  the  transient,  Other  cases  could  be  cal¬ 
culated  by  the  same  techniques;  however,  thi%  paritciilar  one  is  frequently  encountered  In  prac¬ 
tice,  and  the  computations  can  readily  be  carried  out.  For  thla  case,  Elm),  the  oonvolutlori  of 
the  vinlform  illumination  ain)  with  Itoclf,  la  trlengular.  Asauniing  unit  power  to  be  dlatributed 
aoroBs  the  array,  a(n)  -<  t/'i/t,  where  L  is  the  array  Icngib.  Consequently,  the  triangular  E(J) 
has  baec  21,  and  height  i.  To  obtain  the  return  signal,  we  convolve  the  square  pulse  with  E(i}. 
Since  the  convolution  of  a  step  and  u  ramp  ia  a  parabolic  section,  it  Is  clear  that  the  return  la 
comiKised  of  parabolic  arcs.  However,  all  pulae  lengths  do  not  yield  the  senie  output;  as  the 
pulse  length  varies  in  comparison  to  the  traverse  time,  different  returna  are  obtained.  Theas 
are  given  In  Appendix  E  and  are  Illustrated  in  Fig.  1-53.  T  is  the  pulae  length  and  6  is  the  trav¬ 
erse  time  L/o  aln{  . 


rig.  .1-S3.  Dlitortsd  radar  returni. 
(  »  travsfis  time  ooroH  nrroy.) 


T<l(* 


D.  SYSTEM  PERFORMANCE  DEORADATION  FOR  SHORT  PULSES 
1.  Ensrgy  Loas 

It  has  been  shown  that  the  transients  due  to  bulid-np  phenomena  lead  to  parabolic  signal  an- 
vclopoa  Instead  o(  reutangular  pulees.  The  extent  of  the  transient  ts  a  eimi&otdnl  function  of 
angle  off -broadside.  In  determining  the  energy  available  to  the  receiver,  the  signal  envelope 
must  be  squared  and  integrated.  It  is  clear  that  the  parabolic  signal  envelope  contains  lotis  en¬ 
ergy  than  Its  rectan.g<ilBr  counterpart.  Ae  a  rt-eult.  lees  energy  ia  available  to  the  receiver  for 
detection. 
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Tlip  extent  of  title  energy  loss  will  now  bt  Invcntlgiixd.  In  redar  sysietna,  tha  ratio  of 
«igiial-tu-noisB  energy  la  the  key  erlterlon  for  inuasurement  of  energy  losa*  Therefore,  the 
aignal-to-nolne  ratio  (S/N)  will  be  computed  and  compared  with  uniiiatortod  behavior  for  two 
diatlnel  cased: 

<a)  .Receiver  is  rnalnhed  t<i  the  distorted  uaveferm.  In  thin  case,  the 
matched  filter  would  be  changed  for  each  benm-polntinij  angle  of 
interest. 

(b)  Kccciver  la  matched  to  a  etiuare  pulse.  Merc  the  S/N  obtained  la 
not  80  great  aa  in  the  first  case.  However,  the  Implemuntatlon 
would  he  leas  complex,  eiaca  the  same  recnlve-r  could  be  used  for 
all  beam -pointing  angles. 

Receiver  Matched  to  Distorted  Wavoform:-  Define; 

v(t)  a  undlstorted  signal  (square  pulse),  ' 

w(t)  »  distorted  signal, 

B  _  of  distorted  siignal  with  recelvt  r  matched  ebstortion 
S/N  of  undlKorfeJalgnal  with  recelvetnnatchedTvo  square  pulse  ‘ 

Matched  filters  arc  designed  to  maximize  the  S/N  at  their  output  whhre  the  noise  is  assumed 
to  have  whits  Oansslaii  stalistlcs.'’'  It  Is  well  known  that  the  optlmurn  filter  subject  to  tills  cri¬ 
terion  h.!ta  an  impulse  response  that  Is  proportlontil  to  the  expected  eigiial  but  runs  backward  In 
time.  Therefore,  If  there  la  no  distortion,  the  output  of  the  matched  filter  in  the  presence  nf 
noise  IS 


x(t)  -  (. 


T>  v(t  -  t)  dr  +  C 


v)  n(t  -  t)  dr 


where  n(t)  la  the  noise  waveform:  and  C  la  a  constant.  The  maximum  ratio  of  klgnal'-to-nolse 
power  in  the  output  with  the  receiver  matched  to  the  square  pulse  and  no  distortion  (S/N)^^,  Is 


c^lf  v^(t)  dtj^- 
C^N^/v*(t)  dt 


where  Is  the  noiee  spectral  density.  However,  if  dlatortion  occuri  which  can  be  predicted, 
a  niter  can  be  used  that  li  mitichcd  to  this  distorted  signal.  Then  the  output  of  the  matched 
filter  in 

w(-t)  w(t  -  t)  dr  +  C  r  w(-t)  n(t  -  t)  dr 


x'(t) 


In  this  output,  the  ratio  of  signal-to-nolse  power,  (S/N)j^j^,  is 


(S/N)od  - 


C^[/w^(t)  dt)^ 


dt 


Consequently, 


n  - 


f  w^(t)  dt 
/  v^it)  dt 


•  W.ft.  Povenport,  Jr,  and  W.L,  Root,  An  Introduction  to  the  Theory  of  Random  Rlpnola  ond  NoIjq  (McGraw-Hill, 
New  York,  1959).  - - 
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Recclvor  Matched  to  Square  Pujee:-  Define  v(t(  and  w(t)  as  above  and 


If  lliprf!  Is  no  distortion,  the  output  of  the  inbU-hed  filter  is  BtUl  x(t),  However,  when  (liatortlon 
occurs,  the  output  becomea 

x"(l)  -  r  ^  v(-  r)  wtt  -  T)  dr  +  C  J  n(t  -  t)  dr 

In  this  output,  the  muxlinum  ratio  of  aiKiial-to-noiac  eneirgy  la 


Therefore, 


C^lJ  vit)  w(t)  dtj^ 
C^Ng{v^(4)  dt) 


if  v(f)  w(l)  dtj^ 

if  v^(t)  dtF” 


It  was  indicated  earlier  that  the  distorted  waveform  w(t)  varlts  Ps  a  function  of  the  prr  - 
distortion  pulse  length  T  and  the  anmlc  off-broudaidn  (  .  If  we  define  S  aa  the  traverae  time, 
L/c  sin  it  .  11  bticamen  convenient  to  measure  dletortiou  li>  ili«  ptuaineLer  T/iS,  the  ,julee  length 
In  multiploa  of  traverse  time.  Using  this  notation,  ihc  integrals  above  woi'c  cnlculsted  as  func¬ 
tions  of  T/£,  and  I)  and  tj'  were  plotted  agutnst  T/A  In  Fig.  3-54.  'flie  curves  drop  sharply 
Inward  zero  for  T/A  <  2,  and  there  la  about  1  db  difference  between  tj  and  i) '  In  this  orltioal 
region.  At  T/A  »  i,  the  distortion  causes  about  3db  drop  in  fl/N  using  a  receiver  matched  to 
the  distorted  v/avoform  and  another  Idb  If  no  match  Is  attempted.  For  large  T/A,  there  is  still 
a  noticeable  loss. 


2.  Loss  In  Raaolutlon 

Rsdsr  resolution,  the  ability  to  cHstlnguish  between  the  returns  from  two  individual  targets, 
depends  on  the  ehapn  of  the  matched  filter  output.  If  rectangular  pulses  are  transmitted,  re¬ 
ceived,  and  matc.hed-fllterod,  the  result  Is  a  triangle  with  height  proportional  to  the  signal  en¬ 
ergy.  Since  the  base  of  the  triangle  equals  twice  tile  pulse  length.  It  is  clear  that  ahort  pulses 
and  high  power  improve  resolution  capability. 

However,  the  loss  and  transient  phenomena  discussed  in  the  previous  neotlon  tend  to  limit 
performance.  To  indicate  the  extent  of  these  limitations,  matched  filter  output  waveforms  are 
sketched  in  Flga.  3-511  ami  3-55.  in  Fig.  3.55,  the  outputs  of  ftltsrs  matched  to  the  distorted 
waveform  and  to  the  transmitted  rectangular  pulse  are  compared,  Due  to  bandwidth  coiuiidora- 
tlons,  the  rectangular  filter  gives  a  slightly  better  waveform  for  resolution  purposes,  oven  though 
the  S/N  is  not  so  good. 

In  Fig.  3  -56,  the  outputs  of  matched  filters  matched  to  rectangular  pulses  are  sketched  for 
different  transmitted  pulac  lengthe.  It  is  clear  that  the  resolution  drops  off  rapidly  as  pulse 
length  becomes  very  ."ihort 
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(b)  FHitr  iTWIehMl  to  iquort  (wIhi 


Fig.  3-£3.  Cofflporlioii  of  oulrpuH  of  I'ao  tyjMi  of  nvitohod 
fllton  for  pull*  longtb  T  "  8. 


Fla.  3-58.  Oufpult  of  flltori  matohad  to  louan 
pulls  with  dlitoftsd  Input  for  vorloui  troMniltMCi 
/-\  pules  langlhi.  Sealoi  ndimtod  for  Kmin  nolM 

r/. .  I  Z'  \  1,^,1  J, 


— t-NU-  J - L_J - 1 L 


t/sm/j 

_ I _ I _ x_l _ I _ ± 


.ibU 


3.  Loss  in  Accuracy 


Range  accuracy  is  the  thirr!  aspect  of  the  racle.r  porfe^-ro'  -'?  which  is  Heprecie‘»'i  by  the  dis¬ 
tortion  considered  in  this  repor't.  Reed,  Kelly  and  Root*^  discuss  the  measurement  of  range 
and  take  as  an  accuracy  criterion  the  variance  of  the  range  estimate  around  the  true  value.  The 
principal  result  is  that  this  variance  rs  inversely  proportional  to  the  product  of  S/N  and  the  square 
of  the  effective  bandwidth  Here  of  a  signal  with  spectrum  g(f)  is  defined  by 

=j’f^|g(f!|^df-(j'"  f|gif)l^df)^  • 


Thus.  is  readily  calculated  by  using  the  properties  of  Fourier  transforms. 

We  have  seen  that  a  system's  response  to  a  pulsed  signal  is  found  by  convolving  the  array 
amplitude  taper  with  itself,  and  then  convolving  this  result  with  the  pulse.  In  the  case  of  a  uni¬ 
form  illuminatioir and  a  square  pulse,  this  is  the  convolution  of  three  rectangular  pulses.  Since 
convolution  corresponds  to  multiplication  in  the  frequency  domain,  the  array  output  spectrum  is 
the  product  of  the  ir.-’ivMual  spectra.  Each  rectangular  pulse  has  a  sinx/x  frequency  re¬ 

sponse;  therefore,  the  output  frequency  spectrum  is  the  product  of  three  such  functions.  Our 
final  concern  is  the  width  of  this  spectrum;  consequently,  the  locations  of  the  pulses  do  not  affect 
the  results,  and  for  simplicity  it  will  be  assumed  they  are  centered  about  the  origin.  The  spec¬ 
trum  of  the  illumination  is  given  by 

L'  sin  ^ 
wiT  ' 

■y 

where  L'  =  L/c  sin| ,  and  the  spectrum  of  the  transmitted  pulse  is 

T  sin 

uT 

2 

where  T  is  the  pulse  width.  The  above  argument  leads  to  the  output  spectrum; 


|H(jw)|  = 


n  .  2  wL'  wT 
8  sin  sin 


This  is  centered  about  w  =  0,  making  the  second  integral  in  the  expression  for  equal  to  zero. 

®  2 

The  first  can  be  integrated  by  parts  to  jneld  the  l>andwidth.  In  Fig.  3-57,  the  reduction  in  is 
plotted  as  a  function  of  T/6.  A  rapid  drop  in  bandwidth  is  seen  for  T/6  <  2.  For  T/6  >  2,  there 
is  virtually  no  reduction. 

Finally,  in  Fig.  3-58,  the  increase  in  measurement  variance  is  plotted  as  a  function  of  T/6, 
taking  into  account  both  the  reduction  in  S/N  and  ir.  bandwidth.  Again,  a  rapid  drop  is  seen  for 
T/6  <  2. 


*1.S.  Reed,  E.J.  Kelly  and  W.L.  Root,  "The  Detection  of  Redor  Echoes  in  Noise.  Port  I:  Statistical  Preliminaries 
and  Detector  Design,"  Technical  Report  No.  158  [U],  Lincoln  Laboratory,  M.l.T.  (20  June  1957),  ASTIA  150665, 
H-238. 

t  I.S.  Reed,  E.J.  Kelly  and  W.L.  Root,  "The  Detection  of  Ra>iar  Echoes  in  Noise.  Part  II:  The  Accuracy  of  Radar 
Meosurements,"  Technical  Report  No.  159  [U],  Lincoln  Loborr’tory,  M.l.T.  (19  July  1957),  ASTIA  1506^,  H-215. 
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E,  CONCLUDING  REMARKS 


iJffecta  which  dijpr«ct«ite  the  porformance  of  a  large  array  radar  have  been  shown  to  eniat. 
'.’’hfise  effects  become  significant  in  the  rcngc  T/fl  <  I, 

The  Importance  of  tlioMe  phencmena  la  illuatrated  by  a  simple  example.  For  a  radHr  oper¬ 
ating  at  L.-hand.  having  a  100\  aperture,  and  pointing  at  ^S'cff-broRdslde,  i  equels  a.'jout  i>r 
seconds.  Heiice,  the  phenomena  discussed  here  became  a  consideration  for  pulse  longths  Va." 
tlian  140  nanoaeconds. 

In  summary,  It  can  be  said  Uuit  there  is  a  very  rapid  deprsclalion  in  perfortnanco  fiir  alv.'rl 
pulses  below  a  certain  critical  length.  Above  this  threshold,  the  effects  are  eaao.nlUIly  neglljjtble. 
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Ai'PSNDIX  A 

ANTENNA  SYSTEM  IMPULSE  RESPONSE 


To  deterinl'ip  the  irrinvilac  rtsponso  of  tha  a.ntenna  system,  asBume  an  arbitrary  alnueoliial 
signal  current  i5(t)  =  to  be  transmlttett.  The  signal  ia  luuited  lo  oaLiii  of  the  N  antenna  feed 
aystems  (Fig.  3-5i),  where  it  is  fii'Bt  phase-shifted  by  d>(n)„  then  weighted  by  a(n|,  and  finally 
sent  to  the  antenna  element  where  radiation  takes  place.  fli(M)  and  n(n)  are  functions  of  n,  an 
nrdex  on  Ihe  antenrui  element#.  Aaaume  thfit  tha  N  antoiina  elements  are  iminiteBlinal  dliWleH. 
linearly  polarized  In  the  z-dlrnctlon.  Consequently,  the  current  distribution  across  the  array 
ill  proport'ioi'Al  to 


J  n  K 


+L/2D 

Z 

Ln--L/2D 


a(n> 


y  Ijj 

o 


whore  K  is  an  all-purpose  constant  to  absorb  all  factors  of  proportionality,  and  D  Is  the  Inter- 
element  spacing.  Once  this  distribution  Is  known,  the  field  strength  in  the  far-fleld  can  be  de» 
termlned  by  Integrntlon,  using  the  well-known  vector  potential  relatlonahtp* 


A  'f 


SF 


1 


dv 


Fej'  far-flniri  (‘alcvilatloni.  where  r  is  very  large  ertt>';iarBd  to  array  size,  r  can  be  taken  out¬ 
side  the  integral.  Then  the  vonior  potential  becomes  proportional  to 


K, 


I  C  ef-t  »(n)  u Jx  -  nD)  dx 


In  the  far-field,  at  a  point  P,  r  can  be  approximated  by  -  x  j)ln{ ,  where  la  the  dlatanoe 
from  the  center  nf  the  array  tc  P,  and  (  in  the  angle  betwoen  the  normal  to  the  array  and  a 
line  to  P  from  the  array  center  as  in  Fig.  3-.f  1,  Making  this  subatltnilon, 


A  •  It  0 


jolt 


-j(wr  /c) 


+L/2D 

E 

nx-L/2D 


n  +L/2 
J.L/Z 


k(n)  S' 


if  in)  iin  t 


Uo(y  ■ 


'  rrl))  dx 


Denote  the  brAcketsd  part  of  this  expression  by  A.  It  U  apparent  that  from  this  expreaaion  for 
vector  potential,  the  electric  and  magnetic  fleldv  In  the  fsr-fleld.j  enn  hr  rBlei08.ted+ snenr.dinjj  | 


E  =  E,.  a  -j«X 


li  »  t. .  a'  =  1^  E 


This  last  f.'Xpreaalon  results  from  the  approximate  plane-wave  charactarlsilc  uf  the  wave  in  the 
far-fleld.  Poyntliig'a  vector  is  therefore 


*R.B.  AdUr,  L.J.  Chu  and  R.M.  Feno,  ElcetranMignstIc  Energy  Trsnantuten  end  Radiation  (Wiley,  New  York, 

IWO).  - 

t R.M.  Fane,  L.J.  Chu  and  R.6.  Adler,  Cleclporiwanetli;  Fielne,  Energy  and  rotcet  (Wiley,  New  Yoik,  titOO). 
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The  niagiiHiitle  of  ?  refiresoHla  the  (lower  rtensily  In  the  far -field  propagating  In  thw  direction  of 
S.  Introducing  o.  the  target  croaa  acctlon.  we  can  deternalno  the  power  Intercepted  by  the  target; 

P  =  eS  . 


When  this  power  ta  radiated  iaotroplcally,  some  of  it  returns  to  the  antoiina  syetem  which 
is  now  beiiig  operated  In  the  receiving  mode.  Currents  are  tnduced  on  the  dipole  elements.  Tllseo 
currents  aj  e  weighted,  (ihaae-shlfted,  and  summed  in  the  feed  system  In  Identtoally  the  same  wsy 
3B  when  the  antenna  was  oporsted  In  the  transmitting  mode.  Let  be  Poynttnir'a  vector  for  the 
scattiiritd  field.  Then  its  magtiitude,  Sj,  ie  given  by 


g 


1 


where  R  is  the  distance  from  the  target  to  the  observation  point.  If  the  acnitered  e'iectrlc 
field, 


Calculation  of  the  dipole  currents  la  readily  accompltahed  by  i.ttllizlrqj  the  applicable  ec{ulv- 
nlcnt  ciroiilt  for  p  receiving  dipole  (see  Fig,  When  matched,  the  Icsd  Impedance  squala 

the  campl<  x  conjugate  of  Che  dipole  input  Impedanoe  ^in'  and  the  load  power  la 

(E,  .  d)*  (1,  .  aj® 

Pl"  4Rj„  . 

where  Is  the  electric  field  Incident  on  the  dipole  and  d  la  the  equivalent  length  vector  of  the 
dipole. 

TBBaiiL 

I — - , 

*0"  W  j"— Wr 

Flgf3*d9.  Equivalent  eirsult  for  raealvlng  dipela,  | 

TISMINAIS  ^1.  I 


BtSOCt 


This  power  la  available  at  each  dipole  of  the  array  for  combination  Into  a  single  coherent 
beam  in  the  corporate  feed  atructure.  Consideration  of  power  rather  than  current  la  neostsary, 
since  transformers  can  always  be  used  to  change  Impedance  levels.  It  la  aaevninev  that  all  stioh 
trantiformei'8  used  in  the  antenna  system  operate  independently  of  frequency  over  the  bandwidth 
of  Interest.  This  permits  us  to  assume  that  the  currents  on  the  dipole  are  propartional  to 


t  R.B.  Adler,  L.,).  Chu  ond  R.f^.  Fono,  ep.elt. 
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and  that  no  new  frequencri  term*  enter  the  anRlyBia.  We  now  ctkulate  the  cnrrenta  or  tho  dtpoJea. 
Since  for  a  short  dipole  la  proportional  to  ui“. 


^2  2  .  2  }2  2i 

K,  <ii  A  tJ  Ci>8  a  ,  » 

-4R.-- - 


where  or  la  the  angle  between  Ej  and  d.  Hence,  the  dipole  current  le 


1,  .  KjA 


Tne  conatanv  accounts  for  Impedunce  tranoiormatlono  and  conatanta  independent  of  frequency. 

II  >8  clear  that  the  electric  field  at  every  dipole  is  not  the  aanie.  Although  the  amplitudes  are 
very  c'loao  to  Identical,  there  is  a  pkiaao  dilferenoe  ot  tw/c)  D  8ln{  (or  a  delay  of  D/c  slnf )  be¬ 
tween  aucceaalve  elementa  wlilch  muar,  be  considered  in  aiuniiitng  tlie  outputs  of  the  N  receiving 
dlpolca.  Thta  phase  termdoefi  not  affect  the  power  relatloniihlpn  determined  above.  Consequently, 
the  current  at  the  dlpola  la 

I^(„.K5Aexp[j4  ..  ^  +  f-.ln«)|  . 

Thu  output  of  the  antenna  ayatem  beepmos 

+L/ZD  j. 

I  «  I,  a(l)  e^P'**  KjA  axpljiu/t  - ~  sln{)] 
i:..L/2D  ^  '  * 


■  tU'2D  +L/iO 

|.i»-L/2D  n»-L/2l3 


,Jwx/c  aln« 

*'.L/2 


I  L./ZB  IL/ZD 

=  2  2  oxplj|0(/)  i  <^(n)]) 

<»-L/2D  n=-L/2D 


X  expfj  ”  (i  4  n)  P  Bln  tl  ■  exp  j'lw^t  - 

Thla  expreaslon  repreaenta  the  output  of  the  antenm*  system  in  response  to  an  Input  sinusoid  of 
frequency  To  obtain  the  Impulse  response,  the  following  theorem  from  Fourier  theory  can 
be  utilised. 

11  a  system  had  the  response  H(Jbi)  to  an  input  then  the  l  uaponsc  of  the  system  to  an 
Impulse  Is  the  Fourier  transform  of  Hijui)  given  by 


h{i)  = 


1 

St 


y  IKjwi  e-"^’ 


dw 


*R.b.  Adler,  L.  J.  Chu  end  ft.M,  Fano,  cp.cit. 
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It  Is  ttleo  desirable  at  this  point  to  make  the  usual  assumption  of  linear  phase  taper  for  <Kn). 
We  assHime  that  the  phase  ahlfters  etva  Independent  of  frequency  and  consequently  operate  In  a 
band  around  sotne  carrier  frequency  cn^.  Pointing  the  bcaiii  ut  an  angle  requires,  then,  that 


ta)  nD 

rttn)  ^ -.1  — —  Bln{|j 

Flitully,  h{t)  can  bo  dctormlued^ 

K  f  w 

°  Zi*  ^  ^  “^'^r  ~  (i  +  n)  D  sln{^ 

<=:.L/JD  n=-l./2D 


X  ^  ^  exp  J6>  t  -  +  (t  +  nl  "-™'|  I  dui 


I  «XP  J  — -  'intoP'o!*- 
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APPENDIX  B 

DiSTOHTED  WAVEFORM  FORMULAS 


L  T  <  6 


w(t)  ^  2~ 

-4  <  t'  <  "8  +  T 

it  +  6i^  it  +  <5  - 
~Z  Z 

8  +  T<  t'  <  0 

.(t  +  A)'-  <t+6-T)^  ,2 

0  <  t'  <  T 

,  ^  a  -  T)^.  t2  +  (t  T)^ 

T  <  t '  <  4 

»  {L^^  _  -  t*  +  (t  -  T!^  + 

8  <  t'  <  4  +  T 

n  0  elsewhero 

n.  4  <  T  <  2« 

4<  t'  <  0 

.  _  t?- 
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CHAPTER  m 

SOME  EXTENSIONS  OF  THE  THEORY  OF  RANDOM  ERROR  EFFECTS 
ON  ARRAY  PATTERNS 


SUMMARY  J.L,  Alien 

This  eho|jler  (le  iU;  wi’’'  spvernl  extensions  of  the  theory  of  random  errors  In  arrays; 

(1)  A  rigorous  derivation  of  the  fr-r-field  probaWllty  density  function, 
without  the  usual  realiTcUon  of  small  oncl/or  Gaussian  phase  errors. 

Im-luding  element  pattern  Irregularity  afferta  end  raririonri  elemetii 
failure; 

ii)  A  brief  review  of  the  effeeta  of  such  errors  on  sidelobe  levels,  both 
Individually  and  collectively.  Including  s  new.  simple  result  for 
directivity  degradation; 

(3)  An  Investigation  of  the  potentiality  of  using  random  element  spacing 
for  grating-lobe  suppression: 

(4)  The  limitatioiia  of  "density'*  tapering  of  arrays; 

(5)  The  effocts  of  random  errors  on  the  pointing  accuracy  of  both  "sum" 
and  "difference"  beams  of  monopulsu  arrays. 

Detailed  surrmarlea  appear  at  the  beginning  of  each  section,  with  the  exception  of  Sees.  A 
and  D. 

A.  INTRODUCTION 

1 .  Survny  of  Prevlciis  Invsstlgntlonfl 

Many  papers  have  been  published  on  the  eifocta  of  nindom  errors  on  the  performance  of  ar> 
rtvy  untennn.e.  Ruzo*  publisliod  the  fire*,  comprehensive  work  on  the  subject  and  pursued  the  ef- 
iccl  ui  (iiiiali  piiuse  aiiu  ampluude  errorw  on  array  stdoious  levels  and  dlreetlvltyj  .subject  to  the 
nasumptior.'  of  small  Gaussian  phase  errors.  More  recently,  Elliott^  haa  given  an  analysln  of 
oi'ror  offeulM  including  error  in  the  mechanlcol  orientation  of  the  radiators,  subject  to  the  re- 
ati'ictlon  that  all  errors  are  umall  and  from  n  Qousalan  HistrlbuUun. 

in  their  diauuaslon  of  error  effeots  on  nldolobe  levels,  both  Huze  and  Elliott  confine  the  bulk 
of  their  attention  to  the  statistics  of  any  one  partlculrr  point  In  the  sldelobe  region  and  investi¬ 
gate  the  queatlon  of  what  fraction  of  a  large  number  of  arrays  with  the  given  error  statistics 
would  produce  a  level  greiitei  ihan  some  prcficloctcd  value  at  this  prcdetormlnod  point.  The 
array  designer  is  usually  more  concerned  with  the  question  of  what  percentage  of  eldelobes  of  a 
particular  array  one  should  expeci  to  find  above  a  certuln  level.  Elliott  briefly  Indicates  an  ap¬ 
proximate  answer  io  the  problem.  RondinelU^  purxueA  ihla  question  in  detail,  under  the  as- 
HLimpllon  thot  the  individual  nldolobe  levels  are  independent  random  vai-iablen. 

The  pointing  accuracy  of  arrays  In  the  presence  of  ,VBndom  errors  haa  been  a  subject  of 
papers  by  Rondlnolli  and  Leichtor.^  All  these  investigations  have  concerned  themselves  with 
beams  having  a  maximum  in  the  desired  direction  (the  "sum"  beam,  in  systems  uuing  monopulse). 


*  J.  Ruxe,  "I’ftv'iicnl  l.imilollora  on  Anlsnnn,"  Tschnlccl  Report  No.  24B  |U],  Rstsareh  Laboratory  of  Elsetronlei, 
M.  I.T  (30  October  1 9S2). 

tR.S.  Elliott,  ''Mechanical  and  Electrical  loleronceu  for  Two-DI>nentlonal  Sconnlng  Antenrto  Array*,"  Troiii.  IRE 
('GAFAP-d,  114(1958). 

4  L.A.  Re-ndlnelll,  "Effeeli  of  ftoiidom  Error*  on  the  *'orfornvine«  of  Antenryi  Array*  of  Many  Element*,"  1W9  IRE 
Notlonol  Cooventlm  Record,  Port  I,  pp.  174-187. 

§M.  I.eleht*,,  "RrMin  Pnlnllnn  Frror*  of  long  Line  Source*,"  Tran*.  IRE,  PGAP  AP‘8,  S48  (1760). 
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2.  Scope  of  This  Investigation 

This  report  is  concerned  with  several  extensions  of  the  theory  of  random  error  effects  and 
a  critical  "second  look"  at  some  of  the  earlier  results. 

First,  the  potential  sources  of  error  are  examined,  including  the  previously  neglected  ei- 
fecia  of  non-identical  element  factors  (for  example,  see  Fig.  3-61}  and  the  possibility  cf  cata- 
Btropliic  failures.  It  is  shown  that  all  error  effects  can  be  characterized  by  three  parameters: 

(a)  The  expected  fraction  of  operating  elements, 

(b)  The  total  amplitude  variance, 

(c)  The  characteristic  function  of  the  element  phase  errors. 

Simple  relationships  are  pointed  out  between  the  last  two  parameters  and  the  corresponding 
statistics  of  the  various  errors  possible  in  each  element,  under  the  assumption  of  independence 
of  the  various  contributing  sources. 

A  critical  derivation  of  the  probability  density  function  of  the  far-field  follows,  in  which 
some  of  the  restrictive  assumptions  of  previous  derivations  are  omitted.  The  derivation  given 
herein  is  valid  for  any  assumed  distributions  of  the  various  error  sources,  with  only  the  restric¬ 
tions  that  the  errors  are  'essentially  independent  from  element  to  element,  and  that  corresponding 
errors  in  different  elements  are  samples  of  the  same  random  variable  (the  error  statistics  are 
identical  for  all  elements).  It  is  shown  that  the  pattern  statistics  may  be  markedly  different  in 
the  principal  lobe  regions  and  in  the  sidelobe  regions  and  that  two  distinct  probability  density 
/unctions  are  generally  necessary  for  satisfactorily  describing  the  field  everywhere. 

A  brief  review  of  the  effects  of  random  errors  on  sidelobe  levels  follows,  with  emphasis  on 
the  error  effects  in  regions  where  errors  predominate  the  design  pattern,  and  a  useful  "rule  of 
thumb"  for  allowable  errors  is  presented.  The  allowable  errors  for  maintaining  all  sidelobes 
in  this  region  below  a  preset  threshold  with  a  desired  probability  are  examined  (or  alternatively, 
the  allowable  errors  in  terms  of  the  percentage  of  sidelobes  one  would  expect  to  find  below  the 
threshold,  from  a  large  number  of  similar,  arrays).  ITie  assumption  of  the  independence  of  er¬ 
ror  effects  from  sidelobe  to  sidelobe  is  critically  examined  and  shown  to  be  only  an  approxima¬ 
tion  which  tends  to  yield  pessimistic  results. 

The  expected  reduction  in  array  directivity  due  to  small  errors  is  derived,  and  it  is  shown 
that  c  '  Impler  result  than  that  of  Raze*  can  be  obtained. 

The  question  of  grating-lobe  suppression  by  randomized  element  placement  is  then  investi¬ 
gated,  using  the  previously  derived  probability  density  functions  in  the  form  appropriate  for  large 
phase  errors,  and  curves  are  presented  giving  the  probable  grating-lobe  reduction  as  a  function 
of  the  degree  of  randomization  for  one  particular  randomization  scheme. 

The  shaping  of  array  patterns  by  altering  the  density,  rather  than  the  amplitude,  of  the 
elements  in  an  array  is  analyzed  from  a  probabilistic  standpoint,  and  qualitative  comparisons 
are  drawn  between  "density  tapered"  and  amplitude  tapered  arrays.  Although  the  idea  of  density 
tapering  is  not  new,  no  general  qualitative  residts  have  been  previously  published,  to  the  best 
of  this  writer's  knowledge. 


*  j.  Nuze,  op.cit. 

Best  Available  Cop' 
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Ij&ally,  the  effects  of  random  nicrors  on  the  poinllns  aecuvaey  of  rti"  ays  are  examined, 
omiple.  general  expressions  in  lerms  of  no-crror  illumination  funcllons  ai  B  derived  for  the 
errors  in 

(a)  Tilt;  looftlion  of  ih5  mexlinuiii  of  &  monopulsc  "ouni"  pattern  (applicuble., 
of  ociurBc.  to  tho  hentriS  oblainefi  from  systems  not  using  monopulse), 

(b)  The  location  of  the  r.ero  of  the  usual  eHtlmntlng  luncxion  for  monopnlse 
angular  imerpolstion  using  the  ralio  of  the  sum  and  difference  beam 
outputs. 

Tho  rasultingformulaa  arc  siniple,  but  applicable  to  nny  amplitude  taper  (in  contrast  lu  Rondlnelll 
and  Leichter,  altliough  Lelchtcr's  result  is  actually  exprcsnible  In  the  aamo  form).  It  is  shown 
that  .Lelchler'o  roault  for  the  aun<  beam  error  (derived  for  a  line  source)  is  poaslmlotio  for  ar¬ 
rays  by  a  factor  o!  l/t/T.  The  relations  for  the  difference  beam  error  are  believed  to  be  new. 

3.  Section  Organization 

This  section  will  begin  with  an  outline  of  some  of  the  matheniatioal  relationships  that  wlU  be 
used  frequently  in  the  dorivationa  to  follow.  The  remainder  of  the  section  follows  enaentieUy 
the  order  given  above. 

For  the  casual  reader,  a  aummary  of  the  important  results  and  underlying  asaumptlone  of 
each  Investigation  will  be  given  nt  the  beginning  of  each  major  division  of  the  discussion  (those 
rating  upper  case  titles). 

B.  ?«IATHEMATICAL  PRELIMINAIRIES 

In  this  section  s.re  set  forth  some  mathematical  relationships  and  definitions  that  will  be  used 
frequently  in  the  following  derivations.  Where  the  proof  is  not  evident,  it  Is  avallMble  In  standard 
texts  on  the  appropriate  subject. 


1.  Stotlatlcal  Average* 

If  le  a  eamplo  of  a  random  variable  x,  having  a  probability  density  function  (Imreafter 
referred  to  as  pdf),  p(x),  the  expected  vaUie  of  some  function  of  the  samples  of  x,  say  f(x^}  Is 
given  by 


f(x  )  n  (  t(x)  p(x)  dx 

'  '■'-K 


(1) 


Ah  special  caseo,  the  mean  value  uf  Is 


xp(x)  dx  X 


U) 


and  the  variance  is 


(3) 


idl 


where 


r  >  . 

=  j  y.  pix)  ax 
Oi.>v!.ously.  If  =.  0. 


2.  Characteristic  F’jnctiorja 

All  average  playinu  an  important  part  in  the  foUowing  derivations  is  of  the  form 

0^“’’  ^  ('  p(t>  dT  .  (4) 

«'  -ao 

Thin  quantity,  recognizable  as  the  Kourler  Transform  of  p(t)  into  tn-apaoe,  is  callnd  the  ohari.o- 
teriBtic  fuiintion  Csr  tlie  randinii  variable  t. 


but  is  a  function  of  a  only. 

Soveral  properties  of  C^(a)  are  aaeful.  First,  since  the  absolute  magnitude  olt  an  integral 
is  always  equal  to,  or  less  than,  the  integral  of  tho  magnitude  of  the  Integrand, 

ptT)  UT  =  c^tO)  ■<  i  .  {£) 

If  p(t)  is  an  even  funotlon  of  r,  la  real,  and 

■■  0^((v)  .  (7) 

Note  that  ilhls  tmpllee  that  T  =  0;  however,  if  p(T)  is  oven  about  some  non>*sro  r^,  a  nlmple 
change  of  varlabln  nan  be  affected  to  utilise  {7). 

l.'iitS'.ly,  by  jxpcr.Mir.g  si'’'"''  •.mdi*r  the  intogral  sign  in  (4).  intagrattng  term  by  term  amt 
using  (1), 


rt 

m«o 


(8) 


We  will  be  concerned  with  either  confined  pOf's  (p(t)  ■  0  for  r  outside  some  finite  interval) . 
or  pdf 'a  "concentrated"  in  a  confined  region  (e.g.,  Gaueelan  dietrlbutlciris)  so  that,  in  the  ooae  of 
T  =  (1,  the  scrios  is  rapidly  convergent  for  r^'  =  tr^  «  1,  and  we  can  approximate 


«  1 


0^0,^ 


i  .  T  =  0 


(9) 


9,  Averages  of  Multiple  Summations  of  Independent  Samples 
We  will  frequently  be  concerned  with  averages  of  the  form 


K  = 


m  m  n  n 


Z\vl 


m  n 


wherfc  a„  anri 
m 


for  aampie 
I  'or  in  -f 


Thua, 


Thla  proceaa 


arc  non-statlsHoal  qiiantltiea.  Obi'lously,  or  m  »  n.  we  have 


'L  L  v.i“n "  h 


— '  m 


m  p. 

m«n 


the  i'andow  variable  x. 

n,  aasuniin/:  rmd  x  Indpcu-nfl^ht, 

**  m  n  ' 


V  y.  X  a  X  6  = 

--  —  in  in  u  n 

V“n  ' 

n 

rn  n 

m  n 

Ai\  n 

m?^n 

nv/^n 

m^n. 

- - —2  V*  2 

^  rfi  m  n  n  aj  zj  m  n  “  ni 


III  n 
m^n 


can  be  fo/mally  hencilod  by  writing 


V  V  :/  ” 
m  n 


z} 


\“"i'  a  „  _  V 
fj  srrn  <-> 
nri  n  m 


.?• 

■  m 


V 


,  2 
m 


(10) 


whore  Ihe  extra  term  In  the  bracketa  oxcjitdeg  the  m  »  n  term  from  the  oui'nmatlon  multiplied  by 
Ko  that  It  is  not  counted  twloc. 


C.  ERRORS  AND  THBIR  STATSmCAt  DESCRIWION 

Sujnmary 

It  Is  ahowr;  lii;.'.  th^-  ar-alysi-:  nf  prjv-.v  off»cifl  I'jm  bo  cairlfid  out  In 
terms  of 

(1)  An  "apparent"  element  ampUttide,  h^,  givoii  by 

y«*.oi 

V^'®>  "  ITT^r  “n  ■ 

whore  t*’®  element  factor..  ii.<p,t))  la  the 

Average  element  factor,  and  an  la  the  no-error 
drive  amplitude, 

(7.)  An  apparent  element  phase  error, 

^  ^ 

+  <51  -  nOy  coe  0)  , 

where  4,,  1*  lit®  element  drive  phase  error, 

Vri  and  zp  are  the  errors  In  element  radiation 
center  piaoement,  and  h  la  the  wave  number, 

k  • 

The  reaultlng  apparent  error  statistics  arc  related  to  the  statlstlcti 
ui  llin  Individual  armr  aoureea  by 

V^:  ej  -  Pa„  , 

b^iTTe)  -  P(l  +  a^(((.,0)]a,J  . 

where,  I'or  small  amplitude  error, 

2 

tho  sum  of  the  variances  In  element  drtvin  amplitude  error,  o^,  and 
element  factor  empUtude  &).  P  in  the  frartlon  of  elements 
actually  operating,  finally,  Die  pimae  <i.UUetic  of  importance  Is 

Qj(a)  “  Djla)  C||(ak  win©  coed) 

r  Cy<Bk  ainfi  sin  14)  (ok  cos  O)  , 

where  C^to)  la  the  ohnracterlstlc  function  for  the  random  variable  <>, 
and  sinillarly  for  the  other  random  variables. 

1.  Sources  of  Errors  AlfocUng  Array  Perfornutnue 

The  possible  relevant  sources  of  errors  In  arrays  can  be  readily  recognized  once  a  decision 
Is  reached  about  Just  v/hat  situation  constitutes  "no  error."  For  the  nurpos*"  of  this  repiort.  It 
will  be  assumed  that  the  "no-e.rroi  "  far-field,*  of  a.  lln«?.r  array  in  the  geometry  of  Fig.  3«60 
is  that  given  by  the  exproealon 

*Eifhsr  111#  E-  or  H-fleld,  the  vector  nature  of  which  will  be  Ignored. 
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{</> ,  n)  SI  i(^ .  v) 


I.  • 

n^o 


V  y  ^',0&  0 

''c.=  ■="  T 


;ii) 


assuming  thn  arvsy  to  be  linearly  phased  to  point  the  main  beam,  in  the  ulractlon  The  ^^mllHty 
r(i^ ,  v)  represonts  the  '‘clenient  factor";  l.e. ,  the  average  pattern  of  the  array  elemrrtc  in  the. ar¬ 
ray  environmei.l  iapeclflcally,  the  average  of  the  patterns  obtained  by  driving  one  element  at  a 
time  witn  all  others  terrilnuled  in  their  normal  dvlvii\g  Inipedsncel.  The  quentHy  a^  c  ,  with 
both  a_  and  v„  real,  dea^'^rlbeii  the  atnplttude  and  phase  of  the  current  that  would  be  hotvlng  In  the 

♦  U  #1  V 

n  eletneni  with  all  others  terminated  In  (heir  normal  driving  impedance.  The  n  element  Is 
Bupposed  to  be  located  at.  x  “  0.  y  e  0,  r,  »  nD.* 

Instead  of  exactly  realizing  this  far-fleld,  one  would  in  practice  obtwiln  a  field 

L  0  "e  ”  (12) 

n»o 

whijra  f_(*,  6)  Is  the  actual  pattern  of  the  n**'  element  In  its  array  environment,  with  respect  to 
n  ,1. 

a  000,  dlnate  system  centered  .n  the  n  element,  which  may  differ  considerably  from  the  sverage 
element  factor  as  shown  In  Fig.  3-61  for  a  particularly  extrsmo  case,  The  quantity  n'  rsproaents 

th  ^ 

the  value  of  with  error  and  6^  ta  the  phsas  error  of  the  n  element  drive.  Finally,  the  e.K. 
ponentlal  expressing  iho  phase  delay  of  the  elements  at  thr  fsr-l'lold  point  has  been  generalized 
to  allow  for  msoluiinlcal  error  In  antenna  plaoemsiit.  The  vector  "ilot"  product  is  related  to  the 
usual  spherical  coordtnatej  by 

Pjj  ■  R  “  Xjj  sin  S  cos  (p  +  y^j  sin  0  sin  ^  cos  Q  ,  {t  3) 

where  the  "esnter  of  radiation"^  of  the  n**'  oluipont  is  at  Xn>yn'®n' 


3.  Reduotlon  of  Various  Srrora  to  Pure  Phue  and  Ahtpliluda  El^rors 
it  ia  Intuitively  apparent  from  Bq.  (12)  that  the  many  aoiirnos  of  possible  error  ultimately 
m?':li«it  themealves  us  phaac  and/or  amplitude  error  in  the  Illumination  of  the  parttculnr  sic* 
met*'  n  question.  This  can  be  aoeii  by  rewriting  Eq.  (121  in  the  form 


«  Jn(r-v  ) 

F'P.Ol  "  HP.B)  2  b J^,©)  e  "  e  ® 


(14) 


where,  for  perttculBr  nngles  p,B,  the  apparent  amplitude  of  the  n'^  element  is  given  by 
tM.O) 

"  -fcr  “n  ■ 


(iS) 


*  Alihoup'i  linecT  array  netatlim  will  be  used  i-hrcugbcut  tlili  dlicuuion,  ths  retulti  nre  directly  cippUeciUe  io 
planer  onayi  wltbcul  modlfleerlon  In  mott  catii,  end  con  be  uied  In  mony  other  cate«  wldi  miner  smlFleelton. 

t  In  the  erntext  of  thli  report,  the  "cenier  of  radlollon’'  will  be  token  o>  a  tMchgnlbbl  refnienoe  point)  u.a,,  ths 
"center  of  gravity'  of  os  olentsnt  and  He  InK^e  (o  grovml  plane  ii  ciuumed).  Strictly  ipeeklng,  then,  f»U>,  6) 
ihould  be  tiiken  ci  (1)  remplex,  ilnee  the  element  neter  muy  be  irregular  In  both  amplitude  one  plmte  with  re- 
t.pect  to  thi«  mechanical  leFerence  point,  end  (2)  a  vecKir  quantity  .'S  account  fer  elemeAt  retatlcn.  However, 
we  will  teiic  fn(f,6)  to  be  a  magnitude  only,  witfi  any  verlntlen  In  i^ac lumped  In  with  the  ehoie  teivn,  6^,  Net 
only  daoi  'ihli  apfraeoh  itnmliiy  the  enolyaia,  bul  cite  the  uiuol  fihytiBol  ceta  Iri  that  only  Inc  mognltuds  of  the 
element  hictort  ii  known  wem  pattern  meewrRnMntt.  Ratetlwiol  errert  Imve  been  ihown  ly  Hlllott  (qa-Sl!')  <'» 
produce  I«m  pottern  dlitertlon  than  tranelatterwii  poeitlonlng  errort  orvd  will  not  bo  explicitly  coruldgrodn*'#. 
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and  the  apparent  phase  error  term.  6)» 

it>  Mx^  slnS  cosi#>  ■!  y  ainB  ain^)  +  kU  -  nD)  coaG  ,  (i6) 

Ti  n  la  n  *1 

where  h  :  '.t/K. 

Ir.  the  anulyeis  of  the  effects  of  errors  on  arrays,  it  will  be  seen  presently  that  the  quantltioii 
of  atgiilflcnnce  are  the  etattattoa  of  the  apparent  phase  and  amplitude  of  the  elements.  Under 
fairly  roalirtic  assumptions,  the  atatistlcs  of  the  apparent  amplitude  eri.'or  a.nd  tlie  uppaA'anl  pha»e 
error  masoclatod  with  each  element  can  be  quite  simply  related  to  th"  atatiatlce  sif  the  Individual 
errors. 

First,  the  statistics  of  '«IU  be  derived.  The  element  factor  of  the  n^^  element  for  porrl  .■= 
ular  angles  0,  &  can  be  wrUten  ss 

=  fv(^,€t)  (i +  Pn(^'®)) 

where  the  6)  are  samples  of  s  random  variable  with  mean  r.ero  and  vai'lnnce  which  cun 
be  eatlmatrcl:  by  taklnE  sample  element  factors  as  Indicated  in  Fig.  3-61. 

4  Is 

i'he  amplitude  iirrui  of  llin  drive  to  the  n  element  can  be  handled  in  a  slrnllar  manner  by 
assigning  a  random  oomponeni,  A^,,  to  the  drive  amiilHwIe.  3lnoe  it  seems  plTystcally  likely  that 
the  amplitude  error  will  be  proportional  to  tlio  no-urror  drive  ampUtudo,'*'  this  randorn  component 
is  usually  assigned  in  a  multliplicatlve  manner: 

“n  ■  +  ^n)  “n  - 

where  the  A„  are  aiiBumod  la  hu\c  i.  moon  and  vrriRrflr  fr^'. 

This  form  of  a|^  is  not  readily  adaptabla  to  ths  annlysis  cf  complete  slsmsnt  failure  (or  dels* 
xioii),  however.  To  handle  this  case,  it  will  bu  assumed  that  ths  Sj^'s  ere  modlfiad  by  a  raliablUty 
faclor,  r^,  such  that 

where  »  l  wttli  probability  F,  and  storo  with  probability  1  -  P.  7'or  Invsstigstlons  of  delibeixto 
element  omission,  we  will  later  mai:«  P  a  function  of  position  (ass  lleo.  U),  but  for  analysta  or 
random  failurea,  It  sromc  reasonable  to  make  the  probability  of  a  failure  indepundent  of  positUm. 
Thus,  wa  hove 

b„Ml+i‘n<«.0)Ill  +  A„)r„a„  .  (18) 

With  these  assumptions,  the  mean  and  mean-squarv  of  the  n'^  element  apparent  amplitude 
can  be  readily  calculated  as 


b^(<(i ,  a)  «  a^^  P  , 

(19) 

‘’n  ’P' "•‘'I'-'^A  ^u)  • 

(20) 

By  separating  the  cata.etrophic  failure  case  from  the  A^  factor,  the  variances  In  p  and  A  will  b« 
much  less  than  unity  in  practice.  Hence,  the  croao-product  term  can  be  dropped  with  little  loss 
of  accuracy.  The  mean-square  value  of  the  apparent  amplitude  is  then  SvCn  to  be  approx iRiiStely 
the  sum  of  thx  varUncea  cauaed  by  eluineut  pattern  irregularity  and  erro.r  in  drive  ampHtuiie. 

*F<v  exciupfe,  a  nmewhat  "uncolhad"  niodet  of  the  ullgrr.tent  erron  one  would  et:pect  If  die  aetptltudes  ore  od- 
juitad  uling  a  mulll-rcngs  test  meter. 
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Denoting  tho  s'.im  of  the  indlviciual  variances  by  which  v,'!!!  henceforth  be  called  the  amplitude 

variriiKti-  Wk:  ran  writ? 

b;^  =  Fti ■ 


^  0)  + 


(it) 


Fo"  the  apparent  phase  term,  ^  given  bv  l;q.  (16),  we  will  generally  be  tntoi'oated  In 

averages  of  the  form  e  ,  rather  than  atatlstlca  of  ItBOlf.  By  Eq.  (5)  defining  the  charac¬ 
teristic  function  of  a  random  variable.  It  U  seen  that 


D) 


For  0)  as  given  by  (16),  If  all  the  random  variables  are  Independent, 
P*'^n*  ”  P**n'  P^^'n'  ''*“n  "  ' 


p"  lad  p«) 

*  "  J  P*V  ®  3  PU^)  *„  "ibO  COB0)  dx^ 

'<  P!yn>  ftitPlJalt  ,Vn  stn^l  dy^ 


X 


-  nD)  #xp[J«k(»|^  -  nD)  oosO)  da^^ 


(22) 


from  which  it  follows  that 

e]  sine  cosp)  Cy(a)t  sine  sin0> 

'  ^'(*-nD)  *"’* 

Thus,  it  Is  seen  by  (21)  and  (21)  that  the  anslysts  of  orror  effects  can  be  carried  out  with 
complete  generality  In  terms  of  an  apparent  amplitude  and  an  Apparent  olcment  ph/tse  both 
of  which  involve  errors  which  in  general  eve  functlone  of  angle.  The  resullB  of  a  statistical  anal¬ 
ysis  based  on  and  will  then  Involve  tho  atatlatlcal  quantliloa  P,  cr^  and  C^(a).  The  first, 

P,  la  Ihe  probable  fraction  of  operating  elements.  The  lust  tvo  are  related  to  statistics  of  the 
Indh'Wun)  error  sCpUrcea  by  Eqa.  (21)  and  (2''),  and  are.  In  general,  also  angle  depoudenl. 

The  remainder  of  the  analysts  will  then  be  CArrisd  out  In  terms  of  the  statlattcu  of  the  am¬ 
plitude  and  pdiase  error  without  explicit  referenno  to  tho  Individual  components  which  matte  up 
these  errors,  Needless  to  say,  however,  the  srciiy  doalgner  nhould  carefully  bear  In  mind  the 
many  poaslblc  oources  which  can  contribute  to  each  error. 

Befoii-  Isavlng  this  topic,  one  point  should  be  emphasised.  As  mentioned  above.  If  the  ele¬ 
ments  are  mounted  above  n  ground  plane,  the  factor  of  Eq,  (16)  mast  relate  to  the  position  of 
the  center  of  radiation  of  the  element  which  Is  on  the  ground  plane.  Therefore,  while  displacement 
of  the  antennas  parallel  to  the  ground  plane  contributes  phase  error,  errors  In  height  of  the  ele¬ 
ment  above  a  ground  piano  directly  contribute  only  amplttiide  error  to  the  quantity  ©)  (al¬ 
though  the  accompanying  variation  In  antenna  Impedance  may  cause  further  effects). 
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i5.  THE  PROEABU,ITY  DENSITY  FUNCTION  (pdf)  OF  THE  FAR- FIELD 

Summary 

It  Is  shown  that  a,  pdf  for  Ihe  far-'fleld  ampUtudi?,  p(v)  =  |  F(p|| ,  oar 
l:e  olosely  appi-oxtmateo  liy  the  use  ot  two  dintiroi  jj-if'a  valid  in  diffoi  - 
ant  r-j^ions  of  the  for -field,  havtiig  different  vnvlsnceiS,  The  fer-fleld 
pdf'B  are  shown  to  bo  valid  without  restriction  on  the  error  pdf's,  so 
long  as  the  array  la  nufftclently  large  to  juilttfy  the  urie  of  the  Central 
Limit  Theorem. 

In  the  region  near  the  peak  of  the  main  beam  (and  also  any  grating 
lobes),  the  field  Is  approximately  OauasUn: 

p(p)  “  — —  oxp |-  -|  ,  f  -  Vp  •<  12ir 

*  I  J  (prlnelpal  lobe  region)  , 

where.  Ignoring  Ihf  a  dependence  of  the  olijment  factor,  which  we  oan 
tiiieii  write  ag  Kr], 

X  .  Kr)  (1)  I 

n 

"  PC'  .  .  (1)  FjM  )  . 

Ahff  C  o 

y^tr)  Is  the  no>error  fai  -field  pattern,  and 

-»/•  *<  7  i^d-)  P(A(r)  +  B(t.)l  S  • 

n 

A(^)  and  U{v)  aro  raUtod  to  tha  error  atatUtloa  by 
Ala)  »  i  +  ’ 

In  the  sldolobe  region,  the  amplitude  Is  distributed  Im  a  modified 
Rayleigh  distribution; 

pip)  ^  **2  Iq  "xpj-  -!£— IZf 

^  2(7  .  (stdelobe  region) 

whero 

V-  Jnlr-r  ) 

F  "  <*)  L  «n  “  “ 

n 

<r‘^  "J  PA(M)  2 
n 

These  results  arc  ahowii  to  be  oatisfactory  uppruxlmalLons  as  long  ns 
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the  error  steitlstlca  and  number  of  elemorita,  N,  satisfy 

2P[S(r) 

— lr.Al' - rjN  »  1 

t  4.  a^{v) 

v/hern  rj  la  tlm  no-ervor  taptir  efficleney  of  the  array. 


1 .  The  Central  Limit  Theorem  Approach 

It  would  be  an  extremely  difficult,  If  not  Impossible .  task  to  directly  derive  the  probability 
density  function  of  Ffi/t.O),  given  the  density  function  of  the  various  errors  Forlunately,  as 
pointed  out  by  Huze,'''  the  aporoxltnate  form  of  the  pdf  can  be  Inferred  under  condlllons  nBusny 
met  (n  prantii'R. 

U  was  seen  In  tne  previous  section  that  many  sovirces  can  contrilmte  iu  iiie  lolal  i.ri’or  In  n 
particular  element's  contribution  to  the  array  far  field.  If  ons  delves  into  dotlillod  a.spe«ts  of  the 
causes  of  Individual  errors  <e.g.,  the  possible  components  contributing  to  an  error  in  olnmsnt 
drive  amplitude),  the  sources  of  error  become  even  more  numerous,  Thus,  It  is  not  unreason¬ 
able  to  assume  that  the  errors  In  one  element  will  be  only  loosely  correlated  with  errors  In  other 
elemente.  If  wo  go  one  step  farther  and  assume  tha  errors  In  any  one  element  are  independent 
of  the  errors  in  all  other  elements,  we  can  maltn  an  appeal  to  I  he  Central  Limit  Theorem^  for 
the  diatributlon  of  tho  I'nr-fleld.  This  thuurem  states  that  under  fairly  general  conditions,  a  riml 
variable  composed  of  tiic  sum  of  N  iimcpciiuoul,  real  random  variables  such  as 

N 

i  >‘n 

n«o 


tsnda  to  a  OauBslan  (normal)  pt  obablllty  dcnnlty  function. 


as  N  becomes  large.  The  inean  value  of  x  will  be  given  by  the  sum  of  the  imMvUiual  means! 


X  4  2]  5r„  , 

n 


(24) 


anii  ihv  Va<a.ance  of  x,  cr^,  will  be  dlven  by  the  sum  of  the  variances  of  the  In^llvlUual  OwmponerUS: 
.2  .  V  .2  ^  V  iTJ 


V  2 
n 


n 


n 


;ai) 


2.  SutistlcB  of  the  Far -Field 

To  apply  the  Central  Limit  Theorem  to  Ec|.  (I'D,  note  that  F(^,0)  can  be  oonsldereid  to  be  the 
sum  of  N  complex  ve.ator8  or  phasors,  each  of  which  is  ot  the  form^ 

*  J.  Ruse, 

tH.  Cramer,  Mofhemattcql  Method!  of  StotliHci  (Princeton  Univsriity  Pre»»,  1946),  Sec.  17.4. 

i  We  will  henceforth  luppreu  the  ^  dsMndence  of  the  variable!  under  the  aiiumprlon  that  oil  ffleoivrementt  ore 
madti  Iti  the  principal  ^plana  oF  the  element  pottem,  and  exprou  oil  0  dependence  In  term!  of  u  «  2xDA  c«  9. 
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(26) 


)n(w-w  ) 

:  f(t-)  b^(i-)  e  "  e  ‘’  . 

as  Illustrated  In  Fig.  .i-02,  Tlie  x  and  y  components  of  this  vector  are  theti  real  random  var¬ 
iables  given  by 


==  Im{F,,{rl]  .  (^■/) 


Fig.  3-6!!,  Rstolutlon  of  far~fl«ld  Into  In'phoM 
and  quadrature  samponenh. 


In  order  to  coniptite  the  mean  and  variance  of  these  quantities,  It  Is  useful  to  assume  that 
the  orroir  In  phase  and  error  in  amplitude  are  Indepnndent  of  each  other.  Whero  each  element 
contalkx  many  posaiblllties  for  both  phase  and  amplitude  error,  this  assumption  la  probably  not 
grosely  initocurate  and  will  be  made  throughout  the  remainder  of  thin  report.  Thus,  the  mean 
of  U  hy  definition 


■Ji  ■  *  Hv)  o^lv)  He|e 
The  result,  from  Eqs.  (3)  and  (19),  is 


(29) 


(29) 


In  a  similar  mor.r.nr,  the  average  value  of  is  easily  iiiivwii  iv  b« 


“  '^'"iKv)  “n 

Tims,  Ihe  moans  of  x  and  y  are,  by  Bq.(i!4), 

^  *n  V  ' 

y  (1)  f(r)  I  elnnlt^  -  v^)  .  (32) 

or.  In  terms  of  the  no-error  fur-field,  P(V), 

¥m  »  (1)  .  (3.3) 

To  compute  the  variance  of  and  y^^,  we  note  that 

*n  =■  '^IK)  (v)  cos^  f^„(v)  +  n(v  ~  v^))  . 


Expanding  the  couine  terixi  to 
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(x  -  >0  (y  -  s) « sy  -  i  y-  , 


n  m 

For  terms  for  whleh  m  n,  we  esn  use  tlie  fact  that  nnd  are  the  rea]  and  linacinarj  parts 
of  independriit  vuclora  to  arrive  at 

^nx  =  “n“m  " ' «  "  '’<?  <*^'1 

'  n'^'in 

directly  from  (29)  and  (10).  When  n  ■>  m,  from  the  definitions  of  and  and  the  Identity 
sinQ  cost)  =  -^alnllO, 


^SiXi  '  I  +  “(i-  -  "o')  ' 

.•llnco 

_  j2n(r-v  )| 

aln2(^^(v)  +  n(v  -  Vjjll  =  Inile  e  I  «  (2)  alnZnli' ~  p^j) 

where  Im  denotes  the  imaginary  part,  we  have,  uelng  Kq.  (21), 

=  i  Pf*  +  “*«'  '■  •'o>  ■ 

Thua,  iDy  the  technique  of  Eq.  (10),  It  follows  tluat 

•iiy  «  f^(v)  P  (1))^  1  COB  n()'  -  v^)  Z  »m  "  ‘'o' 

’  n  m 


(«) 


(U) 


-  ^  “n  cosmv  -  >'^)  atnnl>  - 

n 


-f  •. 


slii2n(v  ~  v^) 


(4S) 


Changing  the  order  of  terms,  ueln||  the  double  angle  identity  and  Kqs.  (31)  and  (32)  for  x  and  y, 
wc  haNB 


T^y  ^  j  iUv)  HB()')  )j  uln2n(v  -  v^) 
n 


(46) 


where  B  ',8  defined  In  Eq,  (37). 

Thua,  v/e  have  a  complete  set  of  statistics  for  the  real  arid  Imaginary  oornpenente  of  the  far- 
field  la  Eqa.  (31),  (32),  (38),  (39)  and  (4(i).  These  BtatlBtloa  and  the  Central  Limit  Theorem  al¬ 
low  the  expression  of  th.e  far-fiold  of  a  large  array  In  the  form  of  a  Joint  Gs.usalan  dlatrlbulilon 
of  X  snd  y. 

However,  what  Is  really  desired  U  a  dlstrlbutiuu  of  p.  Approximate  diatrtbutlonu  can  be 
obtained  faii'ly  easily  by  examining  the  statistics  mure  closely  in  various  regions  of  the  far-field. 

3.  The  Far- Field  pdf  In  the  Region  of  the  Principal  Lobes 

In  the  region  near  the  peak  of  the  mein  besm  or  Itie  peak  of  aiiy  grating  lobes  of  the  no«error 
field,  V  -  )'jj  ft)  Us,  where  1  Is  an  integer.  Thus,  the  irgumer.ta  of  the  trlgonoir.elrla  terms  of 
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the  equations  of  the  fftr-Jield  stutUitlcn  arc  approxirriataly  multiples  of  Zv.  ThuB,  In  these  re¬ 
gions,  we  ear  write  the  approximate  relations 


f(v)  . 

n 

y  h,  0  . 

‘’x  "  I  +  Sir/)  \ 

“y  “  I  • 


a  » 0 
xy 


(476) 

(4-b) 

<47c) 

(4rd) 

(47«) 


when  1'  -  »  12it;  1  =  0,  *1,  ±2,  etc.  (prlnolpal  lone  regivust. 

It  Is  observed  that  the  correlatloa,  (r.  is  essentially  eero  In  this  region.  Hence,  we  osn 

Xj 

write  the  approximule  Joint  density  function  of  x  and  y  in  the  main- lobe  or  grating-lobe  regions  as 
P(x,y)  «  pix)  p(y)  =  jfy-jr  exp  -  [— '  I'  -^]  I  (46) 

I  2u;  ^Ji 

The  argiAment  of  the  exporenttal  le  seen  to  be  of  the  form  uf  on  ellipse  In  the  x.y-plana  centered 
at  X  r  X,  y  «.  0  tiavlng  semt-major  axes  and  as  shown  In  Fig,  3-63,  It  is  apparent  from  the 
figure  UiAt  the  ampHtude  of  the  fac-fleld,  p,  will  be  affected  very  little  by  tho  error  In  the  y- 
component,  so  long  as  both  and  are  quite  small  compared  to  it.  From  (47a),  (47c)  and 
(47d),  U  la  soon  that 


■“AFV+Bt?)-" 


nN 


(49b) 


X“ 

— T  - 

S” 


(49b) 


where  N  Is  the  total  number  of  elements  In  the  array,  and  t)  Is  the  no-error  efficiency  of  the 
array  amplitude  taper  defined  by: 


Iv 


ir-tTtliSl 


I'lg.  9-63.  CenKiur  of  grebablllty  deralty  fm'ettcin  of 
I'lir-flsld  fof  >rwln-lebn  and  grallng-lalM  loeoilnm. 


traxoaiu)  csyiATies 

CONTOUR 


(i:  a 

^  -;r^- 

5.  u 


;50) 


From  Eqs.  (3(i)  and  (37),  t;  la  seen  that  the  above  L'elatSonahipa  are  equivalent  to 

,2 

;y„N  , 


Hi) 


2P(c; 


lifisd 


M)) 


sKvi 

iZ 


e;  (2)1 


»!N 


(S*) 


As  the  erroi'a  approach  eero  variance,  i")  and,  aa  woidd  bs  s;:p<:uicd  sr.  plvuiciil 

grounde, 


5= 


y 


Aa  the  errorp  become  large,  (a)  -►  0,  and  we  can  write  the  requirement  that  ;lf 


Z  2X-IC.J  .  (DJ- 

Aj  tu - - llN»1  , 


ff  (T 

X  y 


1  +  7^M 


(S3) 


the  effect  of  y  on  p  will  be  negligible,  and  the  far«flsld  clUtrlbutlon  lit  the  main-lobe  and  gratlng- 
lobc  reglone  can  be  well  approximated  by 


P(P)  * 


a,^/SF 


‘'“‘'o'* 


(54) 


wliere  '?  ind  <r^  are  an  given  In  (47)  for  the  appropriate  englea.  If  (S3)  la  iigj  MtUfled,  U  la  ob- 
vloue  that  x  ie  not  iiurniaily  dietributtdi  unU  tiu  Iimvu,  L»  faui,  qii  array  which  lo  too  amaU  In 
tannn  of  the  errors  for  the  Central  Limit  Theorem  to  be  a  good  approximation. 


4.  Far- Field  pdf  In  the  Sldelobe  Rcflon 

In  the  aidelobe  reglone  of  the  pattern,  the  terms  of  Bqa.  (38)  and  (39)  Involving  the  oonlna 
faotor  will  bn  email  everywhere  "  comporod  io  tne  uvai  iRtuno  ui  chuo  uquH^iwii,  !u,;  « 

I'eglon  ui  ut>pi'oxLiiitttelj>  one  beainwldth  >ia.lfwBy  between  prlnotpal  lobea  [ainoe  the  argumant  oi 
the  trigonometric  term  la  the  eecond  harmonic  of  the  original  pattern).  Ignoring  this  latter  re- 
gicr.  tc!iiix>i'avl1,v,  It  le  seen,  that  tn  the  aidelobe  region  the  varlancea  In  x  and  y  will  be  approx¬ 
imately  alven  Ijj 

0^  1  \  f^v)  I>A(W  Z»n  •  *“> 

and  the  croae-corralation  Is  small  by  comparison  to  the  varlanoea.  Thus,  the  joint  probabillttv 
density  function  of  x  and  y  In  this  region  can  be  written  ns 


■  I  ■  '  -  —  I  -  -  ■  I  .  .  ^ 

*By  the  ildaloba  ralte  at  the  apprepriate  double  angle  of  an  antenna  with  <knplltude  toper  a^^^ 


?,V5 


■fly  the  trigor.omelrii:  eubiitttutlonR, 


X  n  p  00)3  't» 

y  “  p  sin  O 

?■  2  2 
p  =  X  +  y 

one  can  derive  by  well-known  means  the  pctl'  Tor  p  In  the  form 

P(Pl  =  Jq  (•^^)  ®*p{-  Uir  ,  (57) 

where  |F|  in  the  average  raagultuile  of  the  far-fleld  related  to  the  "no-error"  field  magnitude. 

rFl7)i»  (1)  |F^(v)|  ,  (9e) 

and  Ig(x)  la  the  Deaael  Function  of  tho  flrat  kind  of  order  zero,  of  Imaginary  argument.  The 
form  of  this  distribution  is  Indioatad  In  Fig.  3-64,  The  distribution  Is  commonly  referred  to  as 
"modified  Rayleigh.” 


For  angles  corresponding  to  nulls  of  the  no- error  pattern,  |  F|  *0,  the  distribution  is  the 
fanitiiar  Raylinigh  distribution 

p(p)  =  e"'’  ,  |fI  «  0  ,  (59) 

<r 

having  statistics 


“Z  -  2 

p  o  2cf‘ 


when  !F|  =  0 


W.R.  Ssnneft,  "Methocis  of  Solving  Noli*  Pfoblsini,"  PfiM.  IRE  909  ()959)i. 


In  rejfinns  where  t  Ih  large,  the  s«yniptinK;  expansion  of  cun  be  usod  to  show  that  the 
diwtrihutlon  af)pr>:niche8  Gauaslan  (ns  la  e.ppjvreM  from  irig.  i-bi) 

h(p)  -  -  -4=:  exp|- '  ,  .~l  »  I  .  (6p) 

sv’:-  I  I 

having  mean 

P“l’Fi 

and  variance  a^‘.  In  the  transition  region,  the  atatlatlea  rre  cJIffi'^'.!l!|  to  come  by  directly,  but 
can  be  oblalnod  fronv.  tabulatlona  (soe  Sec.K). 

For  the  special  region  halfivay  between  gratini;  Iob«a,  It  la  noted  that  the  vartanoea  In  x  and 
y  take  cn  the  form  appropriate  fo”  the  principal  maximum  liMtatlona  glvan  by  (47),  while  both  y 
and  <r  are  eaacntlullv  zero.  Thus,  In  thin  region,  the  Is  the  same  as  that  of  Sr,.  (48).  Haw- 

z. 

ever.  In  ttila  region,  x  will  be  small  (of  the  order  of  l/N  compared  (O  its  value  at  r  >  v^)  and 

negligible  compared  to  a  In  u«bi.-h  of  iuieroat.  If  x  la  taken  as  eatiiintlally  zero,  then  x  n  y  > 

2  ^ 

a  a  0,  one  could  mske  the  aubetltutlona  made  In  (57)  and  arrive  at  a  pdf  for  p  for  thlf  region. 

jcy 

However,  alnce  thia  region  la  bo  narrowly  confined,  apeclal  attention  will  not  bo  further  devoted 
to  it,  and  wo  will  generally  proceed  with  the  aeaumptlon  that  the  distribution  of  Bq.  (57)  Is  sat- 
iafactory  throughout  the  yldelooe  region. 
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to 


Fia-  d-iy  SldcIptM  ratio  eumuldtlvn  prebobtllrloi. 
R  (o)  li  tliflnod  by  Eq.  (67b)  and  It  op* 
proxlmatnly  fha  "no-orror"  ildalofaa  ratio. 


ap('’)  U 

2.  .  . 


thi  rmi  iWalob*  ratio  onof. 


27g| 


15. 


THE  EFFECTS  OF  En«OHfI  OK  TMK  PIOgLOBE  Rj^iTIO 

OF  LARGE  AllRAYS 

Sumnury 


H  Ir  nhown  that*  the  pdf  ot  thr  sirielobe  ratio  ot  a  Urge  array  et  a 
specll'lc  aHglu,  s>,  ia  of  the  forra  of  a  modified  KayVelgh  distribution; 


n(R(i')l  • 


where  R  (p)  ia  i-elated  to  the  no-«rror  «(delohe  level  at  the  angle  p 

til 

Dirough  the  uharaoterlstlc  function  of  the  phase  errors 


Stltl 


(i)  F  (P) 

-m 


(and  consequently,  is  approximately  the  no-error  sldolobe  ratio, 

P  (p)/F„<p„),  if  the  oharaotarlsilc  funi'.lor.s  aie  only  wea'xly  angle  depend- 
en*).  The  parameter  is  given  by 


„  1  f  ffp}  1^  AIp)  1 

For  the  ease  of  small  errors  in  phase,  it  is  shown  that  oan  be  tyrltten  - 
appi'Oxltiistaly  as 


The  probability  of  the  sideloba  ratio  at  any  given  angle  exoesdllng  or 
not  exoeed).ng  soroe  arbitrary  threshold  value,  R,^,  is  given  by  the  om*ves 
of  Ftg.  3-65.  It  is  shown  that  for  large  arrays,  in  order  to  maintain  the  , side- 
lobe  InvcA  at  b  partioular  angle  In  the  regions  of  the  pattern  far  frorn  the 
main  beam  (whtre  errors  tend  to  prsdomlnate),  the  numerical  volue  of 
201og|^  must  be  held  about  lOdb  below  the  desired  ihroshold  level. 
Numerical  example;  ere  given  of  the  Implioatlon  of  the  ourves  of  Pig.  3-65 
on  allowable  tolerannea  for  tOO-elerrienl  array#  and  ! n,01)0.olem*t»t  array#, 
Thr  qupotion  of  ths  allowable  errors  in  terms  of  holding  assentlaUy 
far-out  sidelobos  below  some  threshold  value  is  clisouassd,  and  it  is  shown 
that  .a  somewhat  oonaervativ#  error  requirsment  oan  be  ]u#tlfled.  For  an 
N-olemeni  array,  one  ebould  choose  the  probability  of  any  single  sldelohe 
in  ths  region  oxeending  R,^  to  be  1/.N  of  the  desired  probability  that  no  sids- 
tobrs  exceed  R.^,  and  determine  the  allowable  errors  accordingly.  The  pre¬ 
vious  numtirlical  exemplos  of  allowable  error  are  reworked  to  conform  to 
this  epeclfluation. 


•  Iba  I’auillt  Irt  tbU  nr#  •vtarttlnlly  fhr  mmo  m  (hose  obto’.fwt!  by  pr-'vloui  autbsrs,  exew?  for  tfca  rasult 

for  the  directivity  degradalleri. 


Finally,  the  effe'-t  of  random  errora  on  arrav  (llr«olU';:y  la  cca- 
slderecl,  and  it  Is  shown  f^nt  If  the  pnrnmrler  clr)  is  nnl  straagly  ■’ORie 
cli>l>e'idcnt,  the  dtrRrttdatlon  ir.  dirootlvltv  is  islvoii  •-.■itrvnly  \n 


—'"o' 

UTvl 

o'  o 


1 

i  + ..  ^/p 


The  Iraplicutian  of  thia  i'uauU  uii  the  loss  oi'  doitdjion  of  a  large  fraciton 
of  thn  eleoients  in  a  random  .niinnur  Is  giv^n. 


1 .  Some  Hemarke  on  th«  tv,’(tenjiion  ol  the  KesuJts  of  t,l4f  ’Joctiun  to  PSantti  Arrayi 

>n  this  eertlon,  wti  will  examine  the.  effeota  of  the  random  nrvavu  msouseecl  on  the  aieleiobe 
val  o,  erge  arrayo. 

.■il'hough  the  'vorl'  '"tn  hn  rnrmiiinted  In  tlnn-r  array  nohiillon,  the  resiiUa  are  direollv  e.«- 
plicable  tu  planar  arrayn  it  the  aeaumptiona  regarding  «lem«nt'ta<.<ilemem  error  Indapendenca 
are  mot.  In  many  planar  arrays,  nowevor,  the  physical  atruclurd  of  the  array  la  such  that  the 
Oleinema  are  first  comblnod  Into  subarraya  and  then  the  output  of  the  Huharrayfi  combinadi  e.g., 
combining  firat  by  rows  and  then  by  columns,  in  this  case,  there  muy  be  errors  In  the  column 
combining  networks  which  affect  an  entire  row  of  the  planar  array.  'I'hls  situation  can  hs  handlsd 
all  necessary  by  conalclering  the  second  combining  network  to  be  a  linear  array,  each  element  of 
the  column  linear  array  being  In  itself  a  linear  array  which  haa  been  analyzed  by  the  prevlaua 
metliod.  Intuitively,  It  la  apparent  that  the  effect  of  errors  in  the  second  level  aombinihg  equip¬ 
ment  would  be  ta  raise  the  sld«ilobe  level  primarily  in  the  column  prlnolpal  plane,  with  little 
effect  In  the  aldelobea  of  the  row  principal  planes. 

2.  The  pdf  of  the  flldelobe  Ratio 


In  this  aectioii,  wc  will  Investigate  the  effects  of  errors  on  the  ratio  of  ihe  power  at  h  par¬ 
ticular  angle  on  the  aldelobn  region  to  the  power  denalty  at  the  peak  of  the  miiln  bourn.  Thia  ratio, 
whloh  we  will  denote  H,  in  given  by 


(63) 


Since  the  pdf'a  of  quotienta  are  difficult  to  work  wltli,  we  firat  note  ilrom  Eq.  (S3)  that  the 
ratio  of  the  expected  value  of  the  pattern  st  the  peak  of  the  main  beam  to  the  variances  tn  x  and 
y  Is  likely  to  be  quite  large  for  reasonable  valuea  of  error.  Thus,  the  percentage  error  in  the 
denominator  of  Eq,  (63)  will  be  very  small  If  we  rojilaoe  lr(v^)|  by  its  average  value,  li,  ns 
given  by  Eq.(47a).  Under  this  aasuiTiption,  (63)  unn  be  written  as 


R(v) 


(64) 


where  ws  assume  ^  (1)  ^  0.  But  |F(v)|  -  p(m)  of  the  previous  section,  and  thus,  of  nourse, 
R  Is  merely  a  scale  factor  of  pi  hence,  the  same  iulf's  apply.  Therefore, 


(65) 
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whore,  by  (64;i  and  analogy  to  Eq.  (37). 


1 

'i 


-  AivJ _ 


{hi]- 


(*7) 


Irom  whioh  it  la  seen  that  Rj^(r)  i«  the  aldelobe  ratio  of  the  no-error  pattern  If  (1)  i«  ap- 

proKlJTifttely  Independent  of  angle,  and  f(t>)  la  flat  over  the  region  of  intereet.  More  |«nai«l)iy. 


R 

m 


(r)  - 


H-o» 


(1)  Fp(i'l 

■TiTP7.^ 


Since  the  dniieni-ia  enginoer  ia  normally  ikiteraetoU  Ir.  cbtaliilng  low  au/elobee,  the  vai'liiiloe 
In  R  must  be  kejV.  wUhln  srnnll  boitrds,  tmplyliie  that  the  rrrt;  varlnncen  muet  a  ao  he  umiilt. 
TJnder  IhU  aaeuirfitlon,  the  factor  im'olving  the  errore  oan  be  aoimBwhat  •irnplililiitl.  By  uee  «f 
Eq.  (9)  In  S'.ao.  B-i,  and  Kq.  we  have  that  tot'  email  nrrorti  't'l  ) ), 

where  we  eppro.vlr.nale  ft  -  •<  t  -  a^.  This  rraull  oan  bo  further  ulmpllfletl'  by 

(T^(r,|)  In  the  denotnlnaMr,  and  rewritten  aa 

_  >51llL.  »(i...i.)  +  oj(v)  I  Pef(i.)  ,  (il) 

Tiiua,  w«  can  wrltn  for  eir.ull  phaae  errors  aa 


where,  for  brevity,  wa  let 

«  ^v)  «  (1  -  P)  +  CIO) 

Note  that  If  no  elements  are  missing,  the  relationship  for  Is  that  previously  liviin  by  Russ.*' 
It  la  seen  that  for  small  phasti  errors  the  variance  in  the  stdnlobu  ratio  is  rilrsbily  propor¬ 
tional  to  the  fraction  uf  failed  elements,  1  -  P.  and  the  sum  of  the  total  amplitude  and  phaas 
variance  for  smell  phess  errors.  On  the  other  hend,  the  veriance  la  Inveraely  proporttotwl  to 
the  number  of  operating  elemer.ta,  PN.  It  la  also  weighted  by  the  rallo  of  the  elemetit  factor  Wf 
the  angle  in  que,n}tfion  to  the  element  factor  at  the  center  of  the  main  beam. 


*  J.  Rure,  op.  cit. 
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3.  The  Probability  ofjS  the  Sidelobe  Ratio  Not  Exce^dii  :r  a  value  R-, 
at  a  Specified  Angtl  e  ^ 


fl 

In  this  section,  we  discuss  the  of  eri-or  s  e.1  owahle  in  terms  of  holding  the 

sidelobe  ratio  below  som|^  arbitrary  value.  R,p.  at  one  ;  •rticul  tr  anrle.  ^ecifically,  we  desire 
a  statement  about  the  outc^^ne  of  an  experiment  in  whic?'  we: 

n 

(a)  Construct  a  V/  ory  large  number  of  arrays,  identicp in  their  no-error 
characterisy^i,*!,  including  their  no-error  ratiern, 

(b)  Insert  s  in  each  array,  all  errors  b:»ing  chosen  from  the  same 

error  dis^^ribution,  which  is  characterizp  J  by  a  specific  value  of  e; 

(c)  Pick  a  p  |,irticuiar  angle,  v,  and  measure  the  sidelobe  ratio  of  each 
array  at  i'>.hat  angle; 

(d)  Compute  PthM  fraction  of  arrays  yielding  ;  liielobe  r  .tio  at  this  angle 
less  tharl/  s-me  desired  R.^,. 

As  the  ntimber  of  arratjys  tested  approaches  infinity,  ve  designate  the  fraction  having  R{Vj)  <  R,j, 
by  the  cumulative  ?r  ol|'|abiJity  P[R(v  )  <  R.^J. 

Note  that  the  resu-Mt  of  this  experiment  yields  h.f-jrmation  only  about  the  sidelobe  ratio  at  a 
Single  angle.  R(»<).  Jj  ne  extension  of  this  experime  to  a  range  oi  angles  will  be  taken  up  later. 

The  above  exper.Jr'nient  is  mathematically  perfe  rmed  simply  by  integrating  Eq.  (65): 


#  °  '^R  '  > 


R^  +  R^ 

exp - ^ 

2(t 


The  pcrformance^of  the  experiment  on  paper  is  :'0{  quite  so  easy  as  it  may  appear,  since  the  in¬ 
tegration  cannot  IS'e  performed  in  closed  form.  Uowever,  since  the  function  in  question  also  has 
been  extensively  s^itudied  in  detection  theory,  it  ;s  tabulated.* 

The  result  s  also  been  plotted  many  timf-s  by  many  writers.  This  writer's  contribution 
appears  in  Fig.  3i;«65  in  a  form  that  has  been  fo  md  useful.  The  probability  of  R(v)  exceeding  (or 
not  exceeding)  is  plotted  against  the  ratio  r'  R,p  to  •.n  db.  The  ratio  of  the  no-error 
sidelobe  level, R^,  to  is  used  as  a  parameter. 

Among  o'^her  features,  this  plot  makes  e  ddent  previous  statements  about  small  percentage 
error  in  patt^ern  regions  where  Rjjj/<fj^  »  1.  It  is  seen,  for  example,  that  in  a  region  where 
Rm/'^R  #  the  order  of  30 db,  the  obtained  value  of  R  will  almost  certainly  be  within  ±-jdb  of 
Rq.  On  ti^ie  other  ha.id,  it  is  apparent  that  i a  regions  where  is  essentially  zero,  the  pattern 
may  acti^ally  obtain  values  of  10  db  or  more  above  (t_. 

V.  Xv 

Th'/4s,  the  places  one  would  expect  to  f  id  the  most  noticeable  effects  of  small  errors  are  in 
the  fari/.out  sidelobe  regions  of  array  patte  rns  and  in  the  no-error  pattern  nulls.  In  particular, 
if  one^considers  the  no-error  far-field  of  the  uniformly  illuminated  array,  the  lowest  sidelobe 
raticiv  will  be  on  the  order  of  l/N^  power,  and  lower  still  for  low  sidelobe  amplitude  tapers. 

Thuf/t ,  it  can  be  seen  from  Eq.  (69)  that  unless  c  is  of  the  order  of  1/N  or  smaller,  the  effects 

,  /•’ 

oi  <!,;,-rrors  w'ill  predominate  the  far-out  srdelobe  level  and,  over  a  large  region  of  the  pattern, 
the  I  average  value  of  the  far-field  will  of  en  be  negligible  compared  to  the  variance  in  the  side- 
lobjll'e  level. 


*  Jj  .  I.  Marcum,  "A  SiatisHcol  Theory  of  Targer  Detection  by  Pulsed  Rciior;  Mathematical  Appendix,"  Report 
113  [U],  RAND  Corporation,  Santo  Monicij,  Californio  (July  1948). 
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Best  Available  Cop\ 


Ta  be  more  exsQl,  and  to  turthei*  illustrate  the  use  of  Fig.  3-6s„  if  tt  is  clenlred  to  hold  a 
40-fib  fai*-o\it  aidolobe  power  level  w  0)  at  a  point  with  a  probability  of  0.99  and  it  la  nn- 
sumcci  that  the  ratio  of  elemont  factors  1»  approximately  unity  at  the  value  of  r  of  Interest,  then 
the  figure  indicates  that 

R.p 

iO  "  MOdb  . 

Indicating  that 

20  logjj,  j  Pjj  «:  3,17  X  tO’^ 

If  we  aaaume  a  too-elemeiii  array  with  a  untfonn  taper,  we  have 
«  ~  4.5  y  to*^ 

To  lint  a  faellng  for  tl  lia  number,  it  tmplles  that  in  the  abennoe  of  any  other  orrors,  we  ean 
to1eT«te  fr'''m  Et).  (TO): 

(a)  Essentially  no  failed  elements, 

(b)  Approximately  0,3.5.db  rms  amplitude  error,  nj' 

(c)  0.045  radian  (2.56*)  rms  phane  error. 

Thus  is  seen  the  dlffioulty  in  maintaining  a  very  low  fnr-ou*.  aldelobe  level  with  n  amnll  number 
uf  eluiiicrits. 

On  the  other  ttand,  Fig.  3-65  suggests  that  if  wu  use  a  lurgs  number  of  elements,  ihn  requlre- 
rnent  on  r  can  be  reiasad.  For  example,  with  a  tO.OOO-slement  array,  wu  oould  lolsrete,’ 

(a)  P  la  0,8,  or  about  2000  failed  nlsments, 

(b)  2,67-db  rms  uinplitude  error,  or 

(c)  25,6*  rms  phfcuc  error. 

The  effect  of  this  errer  on  portions  o(  the  pattern  where  the  no-error  sicieiobo  level  le  large, 
comiwrad  to  the  standard  deviation.  Is  small.  On  the  -  13  db  first  sldslobt  of  our  unlformiy  li> 
luminated  army,  the  error  would  bo  nxpootsd  to  bo  less  than  s  fraotlon  of  a  db,  However,  in 
regions  where  R^  w-30db.  Fig.  3-65  indiostes  **  iitldb)  that  the  30-db  sldelubc  will  on  the 

average  (P  vSO  ,per  oer.i)  bii  no  greater  than  30db,  hut  on  about  one  out  of  100  suoh  iirrays,  tt 
m»y  be  only -28db, 

Figure  3-66  uomparee  the  prediotionii  of  Fig.  3-65  with  the  aotuel  ei'fe'Dtii  of  nomn  phase  sr- 
roru  un  a  lOMsiement  linear  array.'*'  iindlcated  on  each  pattern  is  tTglt')  In  clb  we  determined  1^  the 
inserted  phase  errors  and  the  average  element  I'sctor, 

4.  Allowable  Errors  ior  .Maintaining  the  Sldelnbe  FUitio  Over  a  Riuige  of  Anglo 

Up  to  this  point,  we  have  been  concerned  oni.v  v'ith  the  nrnh«bUii>  of  the  eidclobee  exceeding 
a  certain  threshold  level  at  one  speolfio  point.  The  quawdion  of  meet  direct  interest,  however,  Is 
usually  that  of  the  error  tolerance  required  to  hold  l.hc  sidsiobes  below  t,  certain  thraahold  level 
over  a  region  which  may  Include  all  visible  apace  of  the  anteiuw.  An  exact  aolutlon  to  this  probieni 

*  W,P.  Delaney  in  j.l..  Allen,  g)  g).,  ''Phntoul  Anov  Rodev  Studlet,  I  July  I9i!:l  to  t  July  I960,"  Technleal  Re  ¬ 
port  No, 228  [IJI,  Lincoln  Ldoeratory,  M.i.T.  (12  August  1960),  ASTIA  AWO,  H-33i. 
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has  never  bacn  obtuiiie(i,  to  th>:  best  of  fhr  writer's  knowledge,  (ii’d  it  in  probably  not  amenable 
to  exact  solution.  A  s'mple  approximaie  aoUition  cun  tni  obtained  rt.ther  easily,  hov/evor,  since 
we  have  estnhliHhed  the  prolmbililicu  for  individual  points  of  the  patjern.  Ij«t  us  inquire  Into  tha 
correlation  from  point  to  point  through  the  autooorrelaiiion  function  of  the  «rro’'a  of  the  far-field, 
B.y  definition,  the  autocoireiation  furtetipu  of  the  fnv-! '..5ld  error  l» 


A,h'.UI=  2V  +  V,)  .-F,^(n  +  rj)]«drj  ,  (12) 

where  !he  Integral  id  taken  over  one  period  of  the  array  factor,  ilubstltuting  the  far-fleld  ex¬ 
pression  of  £1^.  (14),  negleotlng  the  element  factor  and  poasiblo  angular  variation  of  the  errors 
in  the  interest  of  getting  a  usable  approximate  anawer: 


dr. 


(731 


n  m 
.11^, 


(•'1  =  L  Z  ■  .„)  (l»„  -  v)  exp  Ljmr  f  e^‘"‘”'’  dr^j  |  .  (74) 

n  m  i  ‘  'I 

The  integral  in  brackelit  is  neon  to  be  a  delta  function;  thus,  one  oan  write  that  the  autooorniU- 
lien  function  of  n  is  gCven  by 


A.P.(v)  -  ^  |i^^(a)-:lj^(o)|^e-l'"‘’  ,  (78) 

m 

where  *^(e)  le  the  drive  to  the  m*^'“  oleme.nt  in  the  presence  of  errore,  and  i^(o)  is  the  no-trror 
drive.  The  qusniity  life)  —  I  .(o)|^  Is  certslniy  positive.  Thus.  A  (p)  la  of  the  form  of  an  ever- 
agu  puticrn  from  an  array  hiivlng  an  ampUtiido  taper  a|^  »  '  "P****“‘^'*  *0  po*"* 

the  beam  it  broadside. 

Since  the  "ainpiUude  taper"  of  this  "beam"  is  quite  rough,  the  width  of  the  main  lobe  of  the 
autocorrelation  function  le  lliculy  to  be  several  beamwldths  of  the  "no-error"  array  pattern.  Thuift, 
tlie  oorrnlaiion  between  adje<;<ht  aldelobes  may  be  appreciable. 

Tlie  probability  of  holding  the  sidelobea  over  a  region  all  below  some  tlire.'ihold  level  thus 
lies  somewhere  between  the  probability  of  holding  all  sidelobea  below  this  level  (under  the  as- 
etimptton  of  ooniplots  clocorrelatf.on)  and  the  probability  of  holding  an,y  one  point  batow  this  level 
(wliloh  would  prevail  for  the  wttole  region  If  the  correlation  were  unity  throughout).  The  previous 
result  on  the  autocorrelation  fr.-'ot.i/vn  •.yculd  tend  to  indiaate  that  the  true  probability  lies  soma- 
where  In  between. 

If  we  tentatively  pruOiied  under  the  approximation  that  the  itrrora  are  completely  decorrelateu 
from  aldelobe  to  el.delobo,  we  could  elate  that  tlie  probsbllity  olf  holding  n  sidelobea,  Ihe  i**'  lo« 
ceicil  at  pj,  below  some  threshold  level,  H.J.,  wlilch  we  will  denote  P|nRj  <  R.j,|,  le 


P(r,Rj  <  R.J.I  »  n.  <  H.J.I 

I 


(78) 


For  a  large  array,  moat  ol  the  sUtelobes  will  lie  In  the  far-out  region  pr  lously  dlscusaed.  If 
almost  all  these  eidelubea  lie  in  llie  region  wiiero  errors  predominate,  we  can  approximate  thst 
the  probabiltty  of  holding  the  entire  far-out  region  below  H.j,  is  given  1>y 
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m) 


F(NR.  R^;  «  (l  -  P(Rj  '• 

wh«rc  riea  ;gn«»s8  the  uidololw  »utiu  ul  atiine  "typical"  i.oint  In  the  far-OTiS  region.  W  h  large 
i-iumber  of  iloielou.;s  siM>  involved,  shls  tt,'!iro;;iniaUt)H  should  bo  fBlrly  rekfioniible  If  the  atatUittcs 
■jf  11  asoumed  rrpresant  an  average  value  tivei-  the  region  of  Intoreut  (thrsu  s*.a,U»ti5a  wUl  vary 
ii=*i:h  angle  due  tc  il-'e  element  facto;',  if  for  no  other  roaaon).  Thus,  by  the  fr.ilowina  manipulation, 
•ss'Jinlng  that  the  probability  of  ar^y  Individual  tihdclobe  exi  ceding  R,j.  1»  very  amall,  we  can  arrive 
»<■  the  ren'-'U 

P(NRj  C  H.J,)  «  1  -  NFIRjl' R.J,)  (80) 

'Zl'hua,  for  eiiample,  If  it  la  deatred  to  tiold  aaaentlBUy  the  entire  far-out  region  icf  .n  1 00 '•eUmeni 
array  below  R,j,  with  a  probability  of  0.99,  one  muat  ohon»si  the  ei-iur  boundii  euoh  that  the  prob- 
GabiUty  of  any  individual  aidelobe  in  the  hash  region  Ixilng  below  R,^  la  0.9999.  V/ith  tht*  modifl- 
Gcalion,  rig,  d-bS  1«  applicable  to  the  approximate  calculation  of  the  errora  allowable  for  gocni 
sidelohe  control  over  all  viaiUe  spaae. 

Taktn,g  the  previoue  example  in  which  a  0.99  probability  of  one  sldelobe  being  bellow  40  db 
-wag  deeirud  and  changing  the  rut|Ulrenient  to  one  of  holding  all  aidelobaa  below  that  Ir/al  with  the 
seame  probability,  it  is  seen  from  Fig.  1-69  that  we  muit  now  hold  to  ■  value  about  idb  below 
Hint  allowable  to  hold  one  point  below  Ry  for  a  t00-elem«nt  array.  The  B'Ucwabie  errora  hi  the 
saabaenee  of  all  othera  are  then: 

For  the  100-element  array, 

(a)  no  elemvida  mls.sing, 

(b)  0.13-db  rma  imphtudo  error, 

(e)  l.!H*  rm*  phaae  erifor. 

For  19,000  eiementi,  oalculations  Indleate  about  a  4.4-db  decrease  In  and  approximate 
ttllnwuble  errors: 

For  the  10,OCO-el«mcnt  array, 

(a)  900  tlomenta  miastng, 

(b)  l.S-tlb  rma  amplitude  error, 

(e)  11. 1"  rma  phaaa  error. 

Again  recalling  the  prtvloua  result  about  error  correlation,  theee  valuee  ara  proluibly  psoal- 
raliit.to,  the  truly  alUrwable  error  lying  betwain  theae  valuea  and  thnee  pravlouily  given  for  the 
einglc  eldelobe' oast. 

9.  Effect  of  Niindom  Errora  on  Ariay  Directivity 

hi  crdei  to  compute  the  nffeot  of  random  errora  on  the  diraotlvity  of  tbe  array,  it  la  uaeful 
to  formulate  the  average  po-war  pattern  of  the  array  normalized  to  a  no-error  path  value  of  urJtly. 
By  lieflnli'/nii,  this  average  power  pattern  le  given  by 

p(7) "  ]F(tTF«r»Tr  -  I ny) I .  (#1 ) 

Inaifirting  the  value  of  the  far-field  in  tenne  of  the  Illumination  as  given  by  (14),  and  perform¬ 
ing  thi<  tndioated  averaging,  glvea  the  reault 


|P(Wr^  =  (1)  f*fy|  V  '■  ■  °'  I  1-  PAh)  )■;,  ft  ”  , 


f^f...  V 


jnU'-!'o)U 


whi^re  A!p\  ia  gtveri  by  Eq.  (36). 

The  facta.  In  bar-c  ts  the  no-error  power  pattern.  |F^^I.>')|  ",  while  the  second  term  i#  dl- 
ri->i^tif;ii.'>l  only  by  virtue  of  the  element  feotur  ami  any  angular  variation  of  Air). 

!!lnce,  for  directivity  oalcuifttton,  the  absolute  v.alue  of  ijJ'(r)|‘'  is  Irnniateriai,  let  oa  divide 
(82)  by  P^c//„.  (1)  and  use  the  form 


+  f^(r) - ^±—  2; 

(t)  ^  " 

For  nmall  errors,  wo  have  from  (68)  Ihat 

(1  p)  +  +  ^ohv) 

C-t..,  (1)  ^  ‘f 


Further,  by  Eq.  (SO), 

T.'.  iltjL'.  lii'i'll 


60  that 


Therefore,  wo  can  writ*  (61)  aa 


We  have  prevlotisly  seen  Uiat  tha  peroantage  pattern  error  near  the  beam  muimum  la  trlv> 
ial  (or  else  the  Central  Limit  Theorem  la  not  appHoable).  Further,  (f  the  erray  is  large  and  tha 
oorrelailon  Interval  of  the  far>fleld  la  small,  v/a  would  axpaet  that  tha  total  radiated  power  would 
vary  only  minutely  from  the  avoruge  for  noarly  all  such  arrays  with  tha  random  arror.  Thuaj 
one  would  expect  that  a  dlreottvlty  value  derivad  using  (84)  aa  the  actual  power  density  distribu* 
tlon  over  al)  space  would  be  a  aatlafaotory  appro.ximatloh.  The  main  boam  dirootivlty  la  given  by 


4rlK(p 


/  |P(v)[*di:} 


dn  *  sine  de  dp 


Inserting  (84),  and  neglecting  the  seormri  term  (g  (B4)  In  the  nuirorator,  we  have 

4»iF  (.,  )|* 

tr/..  \  _  .  .  _  _ g^.  _5 _ _ _ 


/i  F^(a)  I  ^  at.  t.  dl) 


Dendlnj'  the  no-«rror  dJrcvlivity  by  wo  nan  lilvldiB  nuire'.'ator  and  denumltjator  tjf  (86)  5^ 

4»  I F  ,(v„)  I  anti  write 

w  <♦ 


U(k^,«  = 


rrV)  ^  WNF  /*'<*'> 


(47) 


2  2 

u*)  c.x&mir!9  Ihe  dc^pcndencc  of  {y}e  ^hut  <7^  contains  two  faotora  [Eij.  (2i)j! 


"ft")  +  "i  ■ 

The  faotar  la  Invariant  with  angle.  Thu  factor  tr^‘(vh  relating  to  th«  alvmeiil  factor  variance 
about  It"  average  value  at  v,  may  vary  wt)h  ang)"  >  no  may  well  biioome  larger  ao  f(r,<  benomaa 
air.all  (the  aidelubn  region  of  the  element  factor)  ae  seen  Iti  I'ig,  3-6l .  For  small  phase  errors, 
by  (<1)  and  the  emalt  error  representation  of  this  oharaoterlstlc  function,  (9),  we  have.  tr>  a 
first  order, 


cr^(^,  6)  "  Oj  4  aln^Q  coe^((i  4  sin*  6  sin*  ^  4-  o'lj.fij))  oos*  0]  , 

y  2  2 

where  cr,^  c'V  and  are  the  va^ianoes  in  element  railuitlon  center  locstlon.  If  hU  these 

K  y  (a-rJJ)  2 

variances  are  roughly  equal,  which  seems  roaaonable,  than  the  angle  dupemlonce  of  vanishes: 


FlriU.lly,  the  1  -  P  factor  ie  obviously  angle  invariant. 

Thus,  we  see  that  in  many  uasea  of  praot.'ioal  interest.  i:*(v)  is  only  weakly  engla  dapsndsnt, 
For  these  cuees.  noting  that 


dn 


ufo 


(»fl) 


where  u(v^)  la  the  element  directivity  In  the  dlreotlon,  ws  have 


T7;{D)  +  uTi^nWF 

By  analogy  to  the  g«ln  formula  for  a  large  array  (Part  i,  Ch.  I,  Sq.  (It)!,  which  statss  that 
a(Vp)  »  g(r^)  n  N  , 

where  Ci(v^)  and  are  (lie  gains  of  the  array  and  a  typical  element  In  its  array  environment, 
roupeotlvely.  we  can  write  the  no-error  sri-ay  dJraotivlty  as 

W  =  u(v„)nN  . 

Hence,  we  have  the  siinplo  result.* 

*  Run  givei  (In  our  notation) 

whars  C/X  Is  flu  inlirelomant  tpaclnp  under  the  ciiumptlon  of  o  (|>eclft«  element  foetcr. 


289 


(39) 


^0***^’  1  ^  (*Vp) 

For  the  valuru  of  r^/P  oepe&ai.ry  for  good  sidelobe  ooiiti  nl,  Ihe  ioco  In  gsin  la  rnodeat  IJ  N  J» 
not  too  lorgB.  For  example,  lor  ihc  provioi'sly  dlacuased  100-  «iitd  10,000 -eleni.ent  array*,  tf 
«  !b  choaen  to  hole!  all  Inr-out  si<'telob«s  below  ani'b  with  P  =  O.V),  the  gain  degradation  la  *l.«iut 
0.1  per  cent  and  ^  por  runt,  respcctivol}'.  Mowevsr,  If  lha  aldo'obn  reijulrenient  for  the 
10,000-filoment  sr.-ay  were  relaxed  to -30db,  it  ii  found  that  an  rma  pheae  error  (only)  of  47.?>’ 
1b  allowable.'’  bneed  eol«ly  on  aldaloba  i equlre.rnmta  or  an  «  0.69.  The  gain  degradauon  i.n 
thta  caae  1*  non-ni:giigib.lo.  about  Jdb. 

Thut,  for  very  large  array*  with  relaxed  aidtlobe  roqulremerita,  gain  degradation  tt'ay  be 
tlie  limiting  fsetor  or.  orrora. 


*  (he  »m«ll  phoie  ertw  opproxlmotlon  of  te.(69)  ti  not  uiofale  in  this  cose.  The  dtove  ,t»i4M.'er  wet  eoextufed 
oMwnlna  Owjttiqn  phcM  error!  for  which  C^(o)  ■  1  -  ronieqwenfiy,  by  (6((»)  end  (36), 


c;o)  .yj 


ZQO 


F.  SUFPREIHSION  OJ’  CPATING  LO^ES  BY  RANDOMIZED  ELEMENT  SPACING 


Clummiir}' 

In  ';hlH  aeicUon.  the-  to  auppreaa  gratlnji  lobca  th«  vibk  af 

•M.nJod. iiuiti  element  apiiciiis  iu  exe, mined.  It  is  Rhinvn  that  »\.i£h  3'aiidutn- 
Isatlon  1«  capable  of  auppresB'nc  g.'atlng  lobes;  however,  the  effeetlve- 
ncsB  of  this  technique  In  aeon  to  be  strongly  dependent  on  the  luimber  of 
elements  In  the  array.  It  U  shown  tnat  the  gratlnc-lobe  supprosston 
follo'.v!  a  modlflet'l  Rayleigh  distribution,  Ihti  variance  of  which,  for  a 
rubntaritial  auppreanion  ol  th»  grating  loba,  hecomoa  only  a  function  of 
the  number  of  elements  in  the  army  and  the  array  taper  efficiency. 

Curves  are  presentsd  for  the  probability  of  auppreaaing  grating  lobes 
on  arrays  of  iv  and  £00  elements. 

It  is  shown  that  the  randomisation  of  the  grating  lobes  hue  little 
effect:  on  the  alilelobe.  structure  of  th.c  array  close  to  the  main  bnam 
(ignoring  the  pcaalble  substantial  errors  in  army  illumination  due  to 
mutual  coupling  effenta  between  the  nonuniformly  spaced  elements), 
but  in  the  region  around  the  gratlng>lobe  location,  the  nldclobon  arc 
likely  to  be  as  large  as  the  suppressed  grating  lobe. 

Finally,  one  particular  pdf  for  the  aloment  Spacing  randomisation 
is  cxamLnod  In  detail,  and  a  probabilistic  dcscripticn  is  given  for  tht 
gm.tlng-lobti  supprssstng  for  arrays  with  i)N  »  lA,  SO  and  500, 

The  results  obtained  by  the  randomised  slemcnl  spacing  are  com¬ 
pared  wltli  the  reauUs  of  an  Inveiitigatlon  of  nonrandom,  noniiniform 
element  spacing  in  arrays  and  shown  to  he  roughly  oommsnsurats. 

1.  TIhi  Normnl  Coustrointi  on  Klcmsnt  Spacing 

it  is  well  .known  that  to  marginally  prevent*  the  formation  of  grating  lobss  In  scanning  arrays 
with  Kttendont  loss  in  main  bsam  gain  and  possl)<lt  dlrertlonal  ambiguity,  ths  projected  slsment 
apaeing  in  the  (jlaus  nf  Inisrcst  must  satisfy 

where  ie  the  maximum  ftngle  of  scan  of  intsrest  in  the  plane,  moasursd  from  broadelda, 
assuming  ths  elsments  liavs  liUls  dlrsctivity  in  thslr  men  right.  On  ths  ol.har  hand,  if  the  els- 
ments  are  directive,  they  can  bo  epaced  farther  apart,  -  Uh  the  narrow  element  baamwldth  at 
leant  partially  suppreaslrig  the  grating  lobes  for  anglas  of  scan  that  are  email.  Even  in  thle 
caee,  however,  :;t  iu  evident  tliat  one  will  ha  ve  Uiat  approstmatcly  Idb  in  array  gain  when  the 
angle  of  scan  is  mich  that  the  main  lobe  and  firnt  grating  lobe  ere  eymmetrloelly  dleposed  about 
broadside,  which  occurs  al  a  scan  i-ngle  given  by 

“  m/X  • 


*  Ihe  efltart.m  aun  e  pretlna  Iob«.  a?  sndfire  when  the  beam  U  icunmd  k> 


It  i*  therefore  »fip«rent  t'.xat  the  bualc  limitation  on  element  apaclnu  Is  the  gratliJij-lobt.  1r>~- 
mnllon.  The  qunstton  then  follcwa;  Can  the  grating  lobes  bn  supprcsac,;?  If  ao,  hovi  well  and 
at  wimt  .ii-icj  "' 


2,  Nonutilform  Element  Spacing  and  Some  Llinitations  and  Cautlona 

rtie  obvious'  approBcb  to  gs-ali.'g^lohe  auppretisloti  is  to  remove  the  periodicity  iroin  the  array 
fuclo)’.  whioh  can  be  dur.ti  by  I'Se  of  nonunlforrn  element  s  paelng,  Several,  IMpera  ha.ve  been  ptib- 
llshed  on  the  uae  of  ntiminiform  apaolng,  raugiitn  from  presentations  of  fornisl  synibesta  teoh- 
nlquiss*^  lo  prngeiitationa  of  results  of  onllghtened  "cut  and  try"  proondurea.t  As  jet,  however, 
little  ir.formst  1.011  has  been  cbtalned  on  th»  uUtmaif  j>o,ss(t’iUtl'»s«  of  such  techniques. 

A  ethttstical  atAlynis  based  on  randomising  the  element  positions  ncourdlng  to  eomt  pdf  has 
thfl  vlriue  of  liiclloallng  Home  of  the  limlteilons  of  nonurtform  Bptthlnga.  at  the  expense  of  an  ox- 
plicit  doHcrlption  of  the  roeultlng  field.  While  tida  wrltnr  would  not  care  to  make  a  flat  ntate  - 
mcni  that  a  dcacrlptlon  banert  on  randomlied  apnetrig  is  appUcabla  to  what  one  might  expect  from 
a  iiarefully  chosen  systamatic  nonunlform  sp.tolng,  the  reaults  will  bo  sren  to  agree  reasonably 
wtiU  (in  a  probaoillatio  seiian)  with  the  reauVIs  of  King,  »t  jkl.,  for  a.ystematlo  nonregular  apacings. 

Before  umiurtakli'ig  an  analyats  of  the  effect  ct  randurn  apuclng,  one  very  Important  limita¬ 
tion  of  such  a  toohniquu  should  be  emphaaleed.  It  was  aeon  in  Ch.  I  that  In  large,,  uniformly  spaaed 
arrays,  the  effect  of  the  mutual  Impedanoe  wae  Ic  iiiaku  thu  elemeiii.  tkoln  proportloncl  tn  the  cb; 
mem  speclng,  for  angles  near  broadside,  and  lorudely)  bivei  avly  proportional  to  spAClng  for  an¬ 
gles  for  which  grating  lobes  form  for  the  Indicated  spacing.  Vfilh  a  nonunitorir.ly  spaced  array. 

If  the  nonunlformliy  is  great  (as  w«  shall  prsaontly  see  it  must  bs  for  effsotlvs  grating-lobs  sup- 
presiilon),  the  mutual  coupling  situation  la  quite  complex.  It  would  certainly  seem  111  tly  to  cause 
appreolable  varlrtlon  in  element  patterns  from  element  to  element,  such  variation  being  roughly 
proportional  to  thr  degree  of  nonunlformlty  present. 

Elince  w«  will  not  attempt  to  Incloilu  the  ofioote  oii  mutual  coupling  in  the  following  analysis, 
the  render  should  beware  of  taking  the  results  ns  the  last  word  in  accuracy  until  such  mutual 
effects  are  evaluated.^ 

3.  The  Tar-Flold  Oeaonptlop 

in  this  section,  we  will  investigate  the  use  of  one  pcrtieular  cchome  of  randomized  sparing, 
i.c.,  wo  wtU  etart  with  a  ilnonr  array  of  squally  spaced  elements,  as  indtoatad  in  Fig.  3-60,  and 
perturb  sacli  element  from  {t.4  "no-error"  poaltion  according  to  some  specified  pdf. 

In  mathematical  formulation,  the  n*^  eiernont  la  sauuoied  to  bti  (oca'lud  at  iiB  +  d,,,  whera 
d^  Is  a  siimple  of  a  random  variable  having  a  pdf  pld^^)  which  is  independent  of  n,  uml  wtil  be 
assumed  to  have  miinn  aero. 

Further,  in  order  to  insure  that  the  error  effects  are  suaentlally  zero  (excluding  the  mutual 
affvota)  near  Lliu  triuiit  beam,  the  element  pltaoe  will  be  chosen  to  be  correct  for  the  perturbed 
poflitlon: 

*  M.  Una,  "Linear  Arrayt  with  Arbitrarily  Olilrlbuted  Element!,"  Report  R-M  [U),  Elsehxmlei  Retearah  Lobonaicry,. 
Univsrilly  of  California,  Rerkeley  (2  November  \9St), 

t  R.r.  Inniii'igloi'i,  "SIdelobe  Reduction  by  Nonunlform  Element  Spacing,"  Tram.  IRE,  PGAP  AP-9.  187  (1961), 

tO.D.  King,  R.F.  Packard  and  R.K.  Thomas,  "Unaqvally  SpooM,  Brood-Band  Anteone  Arrays,"  Tram.  IRE, 

PGAP  2S0  (I960',. 

S  A  test  orray  for  nonunlforni  ipneings  It  presently  under  construction  by  liits  ptajcct  bur  will  not  bs  •.ompletsd 
In  time  for  this  report. 


I ,  "  a,  (!K(3 1-  jk(nD  +  din  4  , 

whert)  we  choogo  to  u-n  e,  .  the  cowpleniBVit  of  6  ag  IncJicated  In  Kig,  1  6u,  as  our  imguiar  var¬ 
iable.  Tb'.ia,  r.sHuml'ig  no  other  errors,  me  far  fleW  of  the  array  will  be  ^Iven  by 


.  =•  i)  )l  Bj.  ouptjkluD  I-  lslu{  -  Htn{,;jl  ,  }“?' 

In  Ihc  main  lobe,  all  errors  viinUh,  ar.<l 

F(0.4j,)  •  f(4»,{^)  .  (93) 

In  the  absence  of  other  irrors,  we  liavo,  irom  averaging  (9i),  that 

F(T;r)  V  c^(k/aln4  -  .  (94) 

where  f'^la)  Is  the  clharacteriiitic  fhnuUon  of  the  raritloi'n  variables  In  the  arntlng-Iobe  re¬ 
gions,  aln  4  .  •  sir  { »  I2ir/D,  whore  I  le  an  Intogsr.  Thus, 

K(*TT|1  -  C^,(12*/D)  f(g  .  4  ,)  a,,  .  (il) 

further,  from  t3(>)  ani)  (37),  fur  ibis  ceflii 

A({  )  ..  i  -  c|  [k(#ln  I  -  sin  4  J)  .  (96) 

B(t)  .C^(2W.<Bln4  -slnt^)]--C*|lt(8lnt  -alnt^)]  .  (97) 

C'ornblrilng  (9i)  I'lid  (9^)  with  the  varlnnno  capresetons  In  (47i..)  amlvl?;!)  ylolda.  In  jratlng' 
lobe  region, 

i>  -  I  f*(<» ,  4  i>  fl  +  c.{l4»/r»  iC^Hlu/VH  1]  SjJ'  ,  (9B) 

(TyU  i)  “  I  i)  (i  -  Cj(l4ff/D))  Z  «B  ■  <‘^’5 


From  (93)  and  (94),  it  is  seen  that  the  ratio  of  tits  uxpeotsd  power  deniity  at  the  grating-Ioha 
peak  iu  the  main  beam  power  Hensttyg  ifiven  by 


-T--^  CJ(t2*/D) 


(lOO) 


I’hun,  for  slanlflosni  reduction  boyoiid  tliat  obtainable  by  the  element  factor  alone,  it  ia  obvtoua 
that  C  j(2ir/D)  must  be  arnnU;  e.g.,  for  mn  mpeotei)  tO-dh  reduc  lion,  C^(2w/D;  "0.1-  Thus, 
C^ltn/O)  will  usually  be  oitilto  small  also,  and 

d^^<l)«'try^(4,)''|  .  (101) 

Thus,  from  prevloiiH  nnalyalo,  wlU  bo  distributed  In  tho  modified  Rayleigh  distribution  in 
the  form  of  Eq.  (57),- 


29i 


(102) 


r- 

£S 


WhtilC 


=  fio 


sm'.  by  (10 U  and  (50). 


.  ,.  }  JL. 

''sr  ^  - -2 


Uarioo, 


R. _ 

^  ^  '.l^n  C.11Z*/D) 


(IQJ) 


(104i 


(i05) 


The  curved  nt  Fig,  '1-65  *re  thus  AppUaubls  by  replacing  by  and  <7^  by  <r^j  aa  long  as 
C^vt  lir/n)  la  small  enough  to  Jnatlfy  the  approximation  of  (101). 

From  rig,  1-65,  it  la  aeon  that  U  It  la  desired  to  aupprese  the  grating  lobe  below  some  level 
11.J.  wltli  probability  P,  the  ability  to  do  to  is  a  atrong  function  of  N,  the  number  of  elements  In 
ihe  array.  SImcs 


we  can  rs-labul  Ihs  abaclaia  of  :Flg.  :i-6S,  for  a  given  nN  to  oreate  ciirve.n  for  grating-lobe  nup- 
preaaion. 

Thr  vesulllng  ourvoa  for  ZnT^  »  32  and  2r)N  »  1000  are  Bhowr.  in  Piga,  .1-67  nnd  3-68,  respec¬ 
tively,  On*  of  the  moiit  etrlking;  features  shout  the  ourvea  of  Fig.  3-67,  for  StjN  .■>  32,  is  that  the 
vsrisntu  predomlmileit  the  distribution  to  the  point  that,  even  If  C^(2ii'/D)  ts  made  vanluiilngly 
small,  the  grating  lobe  will  be  suppressed  only  about  13  db  in  half  of  th.e  cases  (P  >  0,5),  and  on 
one  pnltern  out  of  ten  wn  sivould  expwct  the  grating  Mni  to  be  as  high  ae  only  Bdb  do'wn.  Thus, 

It  is  apparent  tti.at  for  an  array  of  16  or  ao  elements,  one  Is  hot  likely  to  aooompllsh  muoh  grstlng- 
lobe  supprenelor  by  most  oi  the  sample  distributions  chosen  from  pld,^).  From  Fig.  3-68,  It  Is 
apparent  that  the  sltuailun  improves  a«  the  number  of  elements  Inoraases,  but  not  with  great 
rapidity . 


I 


4,  The  Elfeote  of  Randomised  Spacing  on  Sldeloba  Level 

From  L'qs.  (67)  and  (96),  we  iiave  that  In  the  no-«rror  sldelobe  region 


ff 


2 

R 


*  Ail 


1 -•  C  j(k(el.i  5  -sliUp)) 
- - 


(106) 


y  2 

indicating  that  varies  from  aero  (nu-error)  at  t  ^  to  t’ne  value  ol  of  (»04),  near  thr.  grating 
lobes 

By  (67a),  the  parsmeter  of  R,_^  of  the  sldelobe  dlslrlbution  la 


F  (4 ) 

Hg(£)  “  C^,(k(8li*f  -Sln4  jj)) 


I 


495 


(107) 


Indicating  that  for  this  type  of  angle -dependent  error,  Rp(i')  is  no-error  sidelobe  "stio 

Near  the  grating-lobe  location, 

RqU  )  «  C^(i?VD) 

indicating  that  R^  will  be  suppressed  in  this  region  along  with  the  grating  lobes.  Thus,  we  snould 
expect  errors  to  p.  :  dominate  the  sldelobes  In  this  region,  and  the  curves  of  Figs.  3-67  and  3-68 
for  =  0  should  closely  predict  sidelobe  levels. 

5.  A  Numerical  Example 

To  examine  the  implication  of  these  results,  let  us  consider  a  specific  c::se; 


^  .  U«i<d' 


P(d„)  = 


|d„(>d 


as  indicated  in  Fig.  3-69.  Then 


C^(i2x/D)  =  ^  exp[j2xi  d(d^) 


ain2xi  ^ 
2xi  -g 


The  resultant  probability  of  suppressing  one  grating  lobe,  for  arrays  of  various  sizes.  Is 
given  In  Fig.  3-70  for  the  assumed  p(d^)- 

It  is  apparent  from  the  figure  that  large  grating-lobe  suppressions  are  obtainable  only  if 
nearly  all  the  "no-error"  interelement  spacing  is  available  for  perturbing  the  element  position. 
Therefore,  only  elements  whose  physical  size  is  small  compared  to  D  are  of  potential  usefulness 
with  this  technique,  unless  one  is  willing  to  attempt  design  using  elements  of  different  sizes, 
with  attendant  complexity  in  providing  proper  element  drives  to  obtain  satisfactory  patterns.  It 
is  also  apparent  from  the  figure  that  the  average  grating-lobe  suppression  is  of  direct  significance 
only  for  very  large  arrays. 

The  curves  of  Fig.  3-70  can  also  be  used  for  sidelobe  level  information  for  the  region  near 
the  grating  lobe  by  locating  the  proper  value  of  R^  as  given  by  (108)  and  the  no-error  sidelobe 
level  in  question  on  the  curve  for  C^{Zf/D).  The  curve  for  the  desired  probability  and  nuiTiber 
of  elemeiits  will  yield  the  range  of  sidelobe  levels  to  be  anticipated  in  the  region  near  the  .^rating 
lobe.  For  example.  If  the  no-error  array  were  uniformly  illuminated,  the  sidelobe  lmmv:diately 
adjacent  to  the  normal  grating-lobe  location  would  be  about  13  db  down.  The  curves  ind-^.'ate  that 
if  a  grating-lobe  suppression  of  10  db  is  desired  with  a  99  per  cent  probability  on  a  500-e!^ment 
array,  d/D  «0.4  would  be  chosen,  yielding  R^^  =  — 12.5db.  Thus,  R^  =  25.5 db,  and  any  oiis 
adjacent  sidelobe  would  be  down  at  least  17.5  db  with  a  99  per  cent  probability. 

It  should  be  pointed  out  that  the  pdf  assumed  for  d^^  for  this  example  .’3  obvioucly  not  the  beet 
A  distribution  more  peaked  at  the  edges  would  yield  a  characteristic  function  which  would  pr?'- 
^uce  nulls  for  smaller  d/D  ratios.  Theoretically  (at  least  in  the  sense  of  the  existence  of  poJnt 
sources),  there  is  probably  little  reason  to  be  restricted  to  less  than  D/2,  and  we  could  randomize 
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-/v<jr  se^  ei'.  l  V  "  •  '.|rs.  However,  for  small  niimbers  of  elements,  it  is  apparent  that 

little  wou'.d  'jv  '  the  predominance  of  errors  over  averages.  For  large  arrays,  the 

iiTiiltation  '•  •  .  .1  the  physical  size  of  the  antenna  elements  which  limits  tne  allow¬ 

able  L.iSpei  a  ■•-rj. 

6.  '  Coi  ;av>'  N<  ■'..nuidom  Spacings 

King,  et  tl,  '  ’te  i  -irray  factors  for  five  nonuniform  spacing  schemes  applied  to  arrays 

of  about  2C  eu  i  r.  > .  '•  *\-i  r*  lios  of  minimum  to  maximum  spacing  chosen  were  of  the  order  of 

1.5  to  1  up  to  .  ^  l',-:-? ponding  to  values  of  d/D  of  0.1  to  0.28  (the  "correspondence"  is  ad¬ 

mittedly  r  JUi^h).  :.jl1  v  '  t'-iY  P  tended  to  have  lobes  near  the  grating-lobe  region  that  were  only  5 
or  6  db  be  LOW  f'  -  m  /•,.  ''.‘fai:*.,  although  the  pattern  with  the  most  "dispersion"  had  only  two  loues 
out  of  25  above  j.u,,  db  In  the  region  out  to  and  including  the  first  grating-lobe  location. 

Gr  anting  tl’c  j»f  :  >  '■  i^^at  he  methods  chosen  for  element  spacing  correspond  roughly  to  a 
narrower  cl  ire.;.  .  -■  iun  '.ion,  it  is  nonetheless  apparent  that  the  results  are  being  limited 
basically  by  the  sr.  di  ;..ni)b.  "  cf  el-ments  used. 


'D.O.  <iiT'j,  et  a[.,  “UnBi,  ully-Spacod,  Brood-Band  Antenna  Arrays,"  Trans.  IRE,  PGAP  AP-8,  380  (1960). 
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Best  Available  Copy 


BEAM  SHAPIHf!  BV  OMIBSION  OF  Et.,EMENTa 

("SPACE  TAPERING*  OR  ’DENSITY  TAPErtlNO*) 

Siimmary 

"he  quoatlijri  of  nrr-^  shsplnu  by  varying  ihr  "..'i  av;y  of  ?.-iive 

eieinanlg  rtthor  than  Ih-  '<mpUti\ilo  of  the  clement  Urivna  ir;  oxii-.  ■i-Tr'd  ... 
probftbUistie  anMl.vsis.  ‘.s  "hewn  «ral  the  denaity  tapar  b.  cottipair  J 
to  an  nri'fty  '"1th  an  nmp'Uude  taper  ol  the  aatne  chat  ai;tar,  iind  thoi  '.ha 
main  beam  uU-uctureB  of  the  two  arraya  are  eeneiitiaily  td«rtl<>al.  The 
tleneity  tapered  array  will  hat'c  less  ffni:.  than  the  ampllttirlr  tap'r“>K; 
array  for  the  eciine  arrny  area,  bat  the  differunoe  may  be  made  ijiit;.  eitiaU 
If  the  loaxlmum  denaUy  cf  active  elements  Is  trislirtalnsd.  'I'.e  doort"t*i‘ 
lii  ure.y  gain  ral8««  the  far-out  eidelobn  level  of  the  Ufi)>”\ty  troos-sd  array. 

Simple  formulr.!:  •r®  di»vo1nped  for  the  expsetsd  ueiisity  tapered 
dlreptlvity  sjtd  atdelobe  rrUo  In  tornia  of  the  equivalent  antpliti)cl«  taper, 
and  ciurvea  and  examples  are  given  for  "cueine-uquerud-un-a-padestBl* 
tapers  for  both  linear  and  cloettlar  planar  arrays. 

1.  Introduntion 

It  iiuB  been  known  for  oume  time  that  it  Is  ponalbln  to  shape  the  bear.t  ol  an  array  by  judluldus 
deletion  of  the  drive  from  elements  t.' ..  ri;iularly  spafod  grid,  oomblned  with  pa&slvo  termina¬ 
tion  of  the  antennas  from  which  the  drive  h<ui  'been  removed  (the'tattor  to  regularlte  the  environ¬ 
ment  the  element  antennas  "see*  to  avoid  pattern  deterioration  due  to  mutual  sffec'tfl). 

Although,  the  atiove  atatemani  It:  mode  In  «.  tra.ismlttlng  array  frame  of  I'sfarenaei  It  appUss 
by  reciprocity  to  nnnelvlng  arrays  using  a  receiver  behind  each  ilement.  It  Is,  liowever,  per¬ 
haps  most  imporiant  when  viewed  from  a  li an.ynilttlng  contoxt,  B.inoa  thore  are  ssvaral  mslhods 
for  uynthenlalini  receiving  array*  without  the  uee  of  Individual  elumant  reoelverg.  Howavor, 
for  achlevhig  the  full  promise  of  arrays  for  high  peak  power  operotlon,  there  appears  to  bt  no 
Bdustltute  for  a  large  number  of  transmitters.  Evirthcr,  to  avoid  problsatn  of  swltohlng  high 
pov/iire  at  microsecond  rates,  it  appears  advierble  to  put  the  individual  trsnimtttsrs  behind  tha 
radiators  In  many  systems. 

It  Is  well  known  that  for  efficient  operation,  transmitter  a  should  be  oporaiad  .’n  a  ratunited 
mode.  Thus,  amplitude  tapering  such  a  transmitting  array  for  low  .aidalhbrs  or  a  shaped  bssni 
requlroB  either  n  cnnufderable  sacrifice  in  ufficlvnuy  or  a  fBbrl>;,nllnn  of  <;v''er.‘vl  difr-ysnt  trans- 
mlttcrs  to  operate  efficiently  at  different  power  levels 

It  Is  known  by  "cut  and  try"  approaches*  that  if  one  conoeptually  ouiislruots  hh  array  v.'l.hout 
amplitude  taper  and  then  deletes  clement  drives  In  such  a  manner  that  a  plot  of  the  "density'*  of 
active  elements  becomes  similar  In  iihhpu  to  some  desirable  smpUtudn  taper,  one  achieves  pat¬ 
tern  struct uro  which,  at  least  close  lo  the  main  lobe,  resembles  that  of  the  corri'spondlng  ampli¬ 
tude  taper,  iri  fact.  It  has  been  found  that  such  a  technique  can  be  used  to  drastliially  l  educs  the 
number  of  active  elementii  in  an  array  of  a  given  area  while  still  retfUnlng  a  bsaim  shape  roughly 
equivalent  to  »  "full”  array.  Hewever,  the  gain,  and  consequently  the  average  itldsiobo  level. 

Is  still  dictated  by  the  number  of  active  elements. 

*F.C.  Ogg,  Jr.,  “Sleeroble  Airay  Roden,"  Tiwn.  IRE/  rSMIi.  MI1.-5,  DP 


?.99 


^-XpPSTi; 


In  this  section,  wo  preaeni.  o  probablllMtle  wialysle  oi  ;iu«  ‘dorjBUy  tupai-JUiK"  loehhkjuo 
which,  whiJe  not  removing  Iho  ncceaelty  fisr  a  good  civ^nl  of  "cit  anti  try"  in  IVio  fJoslffii  of  such 
tapers,  rinea  Khud  riutililativo  light  .>ii  aorne  of  th-;  afciremenliom,,’  ohscrvutioi,.;  .,1'  tUs  pi'upcrtiss 
of  such  elomente.  The  anslyols  wrb  ouggejitod  by  a  slntllur  analyaiB  uaji-ied  out  by  CogdcII  on 
the  effects  of  completely  random  ala  .ner.t  pif  i.eniant. 

The  ttnalyaia  will  be  cai-rled  .out  for  a  linear  array  to  almpllty  rioiBtion,  but  the  results  arc 
directly  appllcablo  to  planar  arrayj  end  v.lli  bo  eo  applied  in  the  examples, 

a.  Til*  StatiBtlos  of  thte  rw-Fl<iW 

W'l  hegtn  by  postulating  an  equoUy  spaced  array,  with  no  amplltudo  taper.  In  which  the 
tii'.nbnhiiity  that  the  n^^  element  la  active  is  so  thet  obviously 

0  Bn 1 

We  will  Ignore  all  other  errors,  which  assumes  all  Inactive  amenta  are  terminated  in  a  pne-, 
■live  Impedance  equal  to  the  driving  Impedance  of  the  aclive  slements,  no  that  all  element  pat¬ 
terns  are  nominally  equal. 

Thus,  the  drive  current,  i^,  to  ths  ulenient  can  bn  stated  probablUsticnlly  as 
-jnv. 


1 

! 

"i 

I 

! 


where  r^^  Ir  unity  vUli  p.ri>bid>lllty  and  zero  otherwise. 
Thvii  t,h*  la 

ri  Jh-'-v  J 

Ftv)  >■  ill .  X  r„8  ^  . 

n  - 


(HD 


Thi  aversga  power  density  l.-j 

1]  Z  «iiPli(nn  -•  n)  (v  - 


m  n 


Th»  dlatributloi^  of  is  such  that 


ti  n 


and  eonBeq»!^ni'y,  ppirfnrming  thn  IndlcAt^d  "'^^ruglng  of  (HZ)  ffivfts 

Fir)  ^  |f(p)  ^  e*p{JknD(i>  ~  v^))  “  *  f(u)^  £  (1  -  a^jl 


ti»2) 


(113) 


*  J.  R.  Cogdsd,  privets  canvnvnlcutton. 
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Ntar  the  peah  <y.  tils?  m.iin  hf.un.  ih.i  r.i;r.ir.ia‘.i!?r!  !•'  nrrt.»r  N  .  v-hilo  t.ne  Bfcond  ie  of 
tn-iier  N. 

'I'hus.  It  in  ssep  IhUT  noar  -ha  paak  'ji  the  luain  beatn.  the  f  irst  tevi;'.  predorntnalcti.  Thin 
terrrt  In  seen  to  hn  iu8t  the  fjuvkcr  ucuoiiy  t...  firm  ar  arvay  with  ampUlude  iauer,  u^. 

To  e.»ttxniiir'  the  effei  t  tlio  (t-iiielty  tapnr  on  the  alrtftlobo  region,  wo  note  that  If  (113)  is 
normalized  to  o  peak  value  of  unit;-.  w«  liave 

P^)  "  Po(v)+ 

whore  is  the  no-error  pjillwn  not-maUzecj  so  that  1-  V/e  aaiiunio  tha  sitlvljb*  ratio 

to  be  motlified  Huylclgh  dliitributed  iiz  in  Eq.  (65)  wilh  R_(i )  the  no-error  eldelohe  ratio  aesocl- 

m  2 

Bted  with  An  ampUtudo  taper  a^.  Tito  varlanco  in  sldelobe  u  eaolly  obtslnod  by  re- 

oalllng  that  the  mean  aquarz  vaiue  of  a  Ilayielgh  distributed  (R^  9  0)  varlnble  Is  ia^.  T'hits, 
from  (1  in), 


‘'R  ”T 

We  lUite  that  tint  taper  effinlenny  nf  the  oquivsient  amplitvide  taper  q  is  given  by 
(E  a 

qN^  .  ,,  (Ilf,) 

=  ‘n 


where  N>^  is  the  total  taotivo  piue  IhActlvo)  number  of  eiementa.  By  uee  of  (il6),  we  c’ni  write 
(119)  in  the  form 


(117) 


whicihi  by  aumparieon  with  Eq.  (69),  ludtoatr.i  that  for  n  dvnetty  taper,  the  sldeiobe  behaviur  le 
i)iat  uT  an  N,j,  etuniont  array  with  equivalnrtt  amplltwle  hiper  with  nn  error  vurisnoe  analogous 
to  «^/P  of  (691  given  by 


^  K 
- ^ 


Noit,  IIW,  by  (117) 


(iia) 


(119) 


whore  =  E  ie  Ihe  esjiectetl  number  of  active  Mionitinte  in  the  {.rray. 

To  evaluate  the  effort  of  epace  lapnring  on  eideiube  levcli  a.nd  gain,  the  vulua  of  (  iiB)  was 
computed  for  »l\  array  dcnclty  of  lli*  "ooiltia-aquar'jd  on  a  pedeetal"  olaes 


"■  If J-.’- 


a(x) 


j  t'ih  t-  (i  —  t>l  <^os"  -^J 
(0 


1x1  4  l./> 
ti(|  ?  1./2 


(or  B  rontfretl  m  i  ny,  whf-rc  i  a(nr»),  ami  P  .If-nnUin  thu  maiiirniiiJ'  tlonoUy  (P  6  1)  ill  thi?  tiPIi- 
itr  of  the  array,  where  the  t«rm  in  bracheta  ia  iinity.  Thus,  rcprenenti,  an  "eioni.eni,  thinning 

famor." 

By  the  use  cf  inteifroia  rather  than  aumnialloiin,  It  ia  found  that  for  u  lar(;e  arrty 

£  H  “  3  +  2h  +  Jb  ■ 


Thus,  the  colid  ci  rves  of  Fig.  »-7l  can  be  contpated  for  t-  /P  fiji'  various  velutis  of  r.  Tlte 
ratio  of  the  number  of  active  elementa  to  the  totnl  can  h(<  determined  from  the  curven  nf  fig.  3-71 
by  (lifl)  and  (119)  to  be 


I  */P  +  i 


fig.  3-71 .  Cvrvn  of  «*/f  fw  donilt/  »e*or  for 
catlM-tt|uaro<l-en-e-|>«aMtol  taper. 


lOZ 


For  co»npnriacm.  iH8)  oun  Ue  gH!!iCk sliscU 


(h)  f’cn-  thn  ''irciilar  urra.v<  for  h  =>  l/l,  i)  X’  0.S5.  nna  tor  y  =  1, 


IntiUcatlng  an  average  aldblobe  ratio  ultout  4til3  below  10  log^jjN,  etc. 

For  P  «  1,  the  value  iporoacised  is  approximately  the  same  as  lo,; 
the  linear  cnHe, 

Thus,  ii  U  eoen  .iiai  Jeimlly  tapering  tends  to  render  vhe  far*uut  »ldeiobe  Uiv«l  e'Sa>»ntiaUy 
dapenJent  upon  ttM:  nt-mi.  ■.•r  of  active  olouiontH  In  the  array,  particularly  for  P  ■'  1  anil/cir  for 
sow  iiUe.  '>r  lapf  fa. 

4,  The  Effect  of  Deneiiy  Taper  on  Dtrentivlty  and  Number  of  Active  lillMintnU 

By  analogy  to  liti,  (89).  Um  ratio  of  tha  directivity  of  a  lienslty  taport.d  arroj-  com¬ 

pared  to  «n  array  with  the  equivalent  amplitude  tapiir  Ujtf'Ql'  Is 


i'd<‘'o‘ 


1  + 


Ti'i; 

*“n 


o-  by  (119), 


tflvl 

a  0- 


Na 

Tfq: 


(fZfa) 


(121l3> 


From  T.q.  tFMft)  ond  iho  r.ui*VHS  of  Fig,  J-71,  U  la  fiacrn  that  li'  P  »  1,  the  dlffer'Koco  sti  directivity 
ior  tin  nmpittndB  lapcred  and  an  equivalent  density  tapered  ^ri'aj'  is  less  than  l.Sdb  for  a  linear 
M'M.v  ant!  about  2,Zdl>  for  a  planar  array.  For  the  value  h  "  1/3  of  the  previous  example,  for 
Pot,  U  Is  found  that 


(a)  For  a  llntisr  array,  N^/N,j, 

(b)  For  s  r.lroular  array,  N^/N,j,  «  0,51, 

Indhiailng  that  one  uuvou  ntiont  1/3  or  1/2  of  the  r^^qulrsd  number  of  active  elements  Tor  this 
taper.  Koto  that  (121b)  also  .impllen  thal  for  a  fixed  number  of  active  elementK,  one  may  Inoroas*. 
the  gain  of  the  array  fof  a  fixed  etdelobe  level  by  "spreading  out"  the  elements  in  a  space  taper 
Inuteud  of  ntrpUtude  tapering. 


b,  Conolueions 

The  analyslH  of  this  section  has  verified  from  a  probabilistic  standpoint  the  general  prop- 
srtlen  attrlhuted  to  Aleueity  or  space  tapering,  and  hen  placed  qualitative  eatlmnten  on  thsae 
prnperUcB. 

It  ,a  seen  that  tiie  density  tapering  technique  does  olf«r  a  ooiivanient  method  of  shaping  tho 
pattern  c(  an  array  without  amplitude  tapering  ihv  Iiumisi  structure  la  eo.'/cntially  tho  lame 
OH  would  be  obtained  with  an  ornplttude  taper  having  the  same  shape  as  the  clement  danaity  over 
the  array.  If  the  iiciivo  “loments  are  mainlalned  at  unity  density  In  the  center  of  the  array  (all 
clen,\onlrA  near  llie  cctltcr  octivaj.  it  has  bcun  aiiviwn  >iict  11;;,  dlffcrinc?!  ic  >i)r»otlA>Uy  (essumlni* 
all  inactive  antenna  (ilcnients  '.n  place  and  pvsslvety  terminated)  between  the  ampiltudu  iif..oeiad 
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■irray  and  the  cniilvalurit  density  tapered  array  la  amaii  ilumi  thiin  2,9c!l3  for  ~25ilb  first  aldolobijs; 
a!irt  drn.indorit  upon  the  dani-ofi  of  tiperlnjt,  wilh  the  uriipHtude  taper  hnvlrjj  the  for 

a  fixed  array  area,  while  the  dcnally  taper  huiii  greater  gain  for  a  fixed  nanibor  of  active  oIe~ 
menm,  If  the  dciiiilty  In  the  array  center  is  not  nrinximiim,  ttic  array  directivity  ie  rotiiiond  ni 
proportion  (u  (he  aentev  I’lensltj  The  rlenreBse  In  gulp  vilh  (lie  tiOii'tUy  taper  la  manifeated  In 
hlghor  far-out  aldelohea.  the  height  of  which  are  esDentlnliy  dictated  hy  tne  number  of  mtive 
eleniftrits,  an  ia  the  directivity. 


.ICS 


H.  THE  El'F-ECT  OF  RANDOM  EHRORB  ON  THS  POINTIN'',  ACC0JUCV  OF  ARttAW 


SumiiiBJ'y 


The  fnVlovw'imj  •-up’ftaslonii  for  the  emu  polnrl.nf;  error  of  the  aiim  and 
ulfforenoe  bBimii  of  an  N-elitmeiit  airra*'.  for  lar >{ij  N  [xiiH  Eniiill  error,! 
ai  e  proven; 


whore 


L  ■  NO  U  the  array  length, 


P  •  finictlon  of  operating  elotnenta, 

•> 

■  rma  phaae  arror  (ifiumerl;  «  1  radian), 

a  e  ouin  beam  ninpDtudQ  taper,  an  even  funotlon  of  n 
"  for  0  oeirteratl  array. 


«(a)  >  coni', imoue  I'onctiun  for  which 


N 


‘j-  ,  if  N  li  nven, 

.  H  H  I*  i?dd, 


■(nU), 


the  equlvaieiit  of  ii  "atamlirU''  beamwtdth 
"  of  l/{NnA)  radtana. 

For  the  differanoa  u«am  und<ir  tt.e  aasumptlon  that  tha  ar^  or  con- 
trlhutod  by  oauh  elaiiiaid  to  the  aum  and  to  the  dirfernncA  pattantn  in 
ifientlcal  (unity  oormlatlmi)  the  rma  error 


where  la  the  dffferenne  beam  araplttjtie  taper,  an  udd  function  of  n, 
and  d(x)  Is  a  conllnucu;;,  h4ncllon  f'jr  which  ’  d(nD), 


,)VlO 


It  1»  attt-n  that  hoth  ei'roi-»  iiri;  rtfpfnttnnt  (for  anniU  phaef*  flrrit-a)  only 
on  th.p  phR.ip  errnv  v(>rtRn'::e,  and  arn  Independent  of  the  amplitude  var- 
tancn,  More  exact  exprenuU-ina  for  lerge  phase  errora  een  ijf  cutatned  fitirn 
(li!£)  tor  till-  3uin  beam  and  from  (147)  for  the  dlfferonce  beam. 

For  common  llluralnatlon  functions,  the  ratio#  of  aummatlonn  of  tho 
above  equaltonw  are  of  the  order  Indleattna  that  the  c.ependevicc  of 

Av/ii  ,  oil  M  l9 

^  «  -L. 

"a  NfS  ■ 


1.  Introduction 

in  this  section,  we  will  ct.nalder  the  affect  oi  random  urrors  on  the  pointing  acetusuy  of  ar- 
rayn.  .Since  the  uoc  of  mono'yilae  for  ec'erala  angular  detnrmlnatlon  has  become  common,  we 
will  liivo#tls‘#te  the  effecia  of  these  random  errors  on  both  the  sum  and  dllfcrrnee  beamti  ansa- 
elated  with  a  moiiopulec  array.  The  renults  for  this  aunt  beam  are,  of  course,  applicable  to 
the  case  whore  monopiilse  Information  ie  not  uted. 

The  offccte  of  pointing  accuracy  of  beams  uorrespnntllng  to  the  sum  beams  of  this  dlscusalcn 
have  been  invootlgated  In  publlehed  papers  by  Hondlnellt’'  and  Lelehter.'^ 

HondlneliU,  whose  Inveettsatimi  was  limited  io  a  few  specific  ce«(:it  of  array  else,  a  few 
specific  error  variance  values  and  uniform  Illumination  only,  rievurtheloss  provided  the  key  for 
both  Lclchter'e  investigation  and  for  that  following  in  pointing  out  the  (ippllcsbility  of  the  Taylor 
Serlfis  Expansion  technique  used  belov/. 

(.idlchter  approached  the  problem  from  the  standpoint  of  line  soiitves  and  inferred  the  array 
performstioe  frorn  thin  anulysla.  Although  bin  final  results  were  stated  apeolflcsUy  only  for  unl» 
form  and  Taylor  illumlnatUms,  his  result  can  be  ganarsllzed  to  give  a  result  of  the  Demt  form 
as  tho  I'eituU  obtained  liurn  for  the  sum  beam  pointing  error,  differing  by  a  factor  of  s/T,  which 
can  bi<  accounted  for. 

To  the  boat  of  this  authot  'a  knowledge,  no  ont;  has  lnveBtlg.‘>,t«d  Ihs  question  ef  the  aocuraov 
of  tli«i  null  position  for  monopulsc  dlfferenoe  patterns.  Such  will  bn  p.’oaanted  horoln,  In  a  form 
applicable  to  generalised  differenoo  tllumlnattons. 


a.  The  Polnltng  Error  ol  Monopulse  Sum  Beams 

Ip  this  section,  we  will  oansUler  the  effect  of  nrrors  on  the  pointing  accuracy  uf  the  siun 
beam  of  the  monopulse  pair.  Wo  will  assuiiin  ihul  the  sum  beam  is  given  by 


where 


f'  (0,W  «  fC^.r)  Y,  ® 


:*Jv)  Jn(v- 


•-o’ 


(i.U) 


b  (v)  "  P  a_ 
«_  n 


(t7.S) 


* L, A.  Rondlnelil ,  "tffecli  cf  Rondom  Snon  on  the  Performcoce  of  Antenno  Aim^  of  Mtlny  thwivsnti,'’ 
193?  lltE  Nafb'uil  Cunvenilvn  "•cord,  Port  I,  pp.  174- tt9. 

tM,  I.elKhtitr,  "teoai  Polnllng  firpofi  nf  Liing  Line  Source*,''  Tram,  IRE,  POA?  AP«§,  249  {IMO). 


i.,  no  rrru;-  i-,iU|jlHuJa  of  tho  n  ulisment  Ulumtratio;!  for  trannmlttlng  a  num  pe.tlapn 
Ith'.!  (•PC'? Wing  ivtwvlor  ia  then  inierred  hj-  i.  ec^proclty). 

foi-  cctivcrilencii,  tvIU  astmin*'  llie  avr-.y  to  ija  ceiitoi  ad  on  the  a-axls  o!'  tl'.p  ocioi'illnate 
BlMtuin  atiil  iuht;  3^  iu  hi!  uit  v  voi.  f'juctuiii  of  n  for  all  jjattPrnB. 

"<  iity  u4«c^hlC/k:  kiivf  aivuu  uvaiit  wall  bv.  ri  timi  angip.  at  which  th«  sum  (tiwer 

pattprn  Uhh  ?.p.,'o  slope.  In  order  to  a-rtve  nt  an,y  rea.sonol.lB  unawer.  it  is  n'Cbtfsat'j’  to  neglect 
til'.,  effect  of  the  iwerujfe  olemeat  pattern,  e.ltooughtfif!  variance  In  the  e'.emt'iit  padei'tia  can  be  oon- 
aifierisd.  The  ef'ect  of  the  alemont  factor  may  h,v  no  maKne  he  trivial  and,  rta  a  i;eriei»l  rate,  prob* 
ably  outweigh*  the  effect  of  the  random  error*  t.nleea  the  tirray  la  very  lerge.-*'  ]Cnow<ng  the 
element  factor,  however,  Shis  ofUct  1*  a  systoraalic  ore  and  amenable  lo  systemstlc  oaleufiatlon. 

Thua.  hPfflectlntt  the  elom.ent  factor,  the  far-flelt!  power  density  aa  a  fuuuU.un  of  w  oati  be 
written  aa 

I-’lv)  B  J]  5]  b^  (U  (v)  exn{i(»ij^(ii)  -  (v))}  expiJlm  -  nl  (v  -  v J]  ,  (124) 

,.1  ...  b 

(l\  I*' 

In  order  to  find  the  angle  of  zero  slope,  wp  v.'ot.ld  like  to  set  the  first  dorlvattve  of  t'he  power  pat  ■ 
tern  etpial  to  zero.  Thia  d:.rt'/«.Uve,  which,  we  Will  denote  S,  la  given  by 

)  E  Z  lb*  ‘‘s  1''^  exii{j(|fjjj(v)  .-  if^(P/)J  CKPlJlm  -  n)  (s  -  s^j)]  .  (tSS) 

m  n  " 

To  dlreetjy  solve  this  equatlor.  for  a  zero  In  terms  tif  the  difference,  Ai>,  between  the  desired 
pointing  >1  iglo  and  the  actual  pointing  angle  seemi  Impossible.  Howeve,?,  an  approximate  solu¬ 
tion  can  he  obtained,  .nn  Rondlnelll  p'oln!:»d  out,  by  resorting  to  #  Tnylnr  Serin*  approximstion: 

flfv)  ,«S(vJ  +  tii-3'(|i^)  , 


aud  tiiue  we  have,  setting  !3(m)  eqtml  to  sero. 


'Die  ituanlUlca  Involved  arc  given  by 

S<“  >  "  I  ">  *5. 


m  ri 

in  n 

from  Eq,  (l?.5).  where  all  angUi-varlable  quantities  (b^  arv  hviinelorth  understood  lo  ba 
evaluated  at  ** 

In  order  to  Infer  the  pdf  for  the  (quantity  ^^v,  we  again  reaort  to  the  Ceidral  7.ilnklt  Theoram, 
aa  pointed  out  by  A.«li!liter,  since  for  large  arrnya  the  total  polntling  error  Is  the  sum  rtf  small 
ei  rore  In  the  vudor  ■Jiroclloi.i  of  the  oontt  Ibutlou  of  each  ulrtmanl.  Under  this  assumption  of  a 
riausaUn  pdf,  we  need  only  to  dotennlne  the  mean  and  variance  of  Av  to  completely  dranrlbe  the 
pdf  of  Av , 


•f/v  les  W.P.  D*|f!r.«y  In  J.L.  Allan,  el  ol.,  op.cit.,  pp.  33^39, 
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Howiivp^j',  IminfOUte  dtff:.' uKlaa  ar;  liirvirrci  due  \a  tl'j  factor  Of  I"  the  Uenoinlimtor 

of  Eq,  (127),  slnci;  the  e.vei-af'c  of  quotionto  la  not  enay  to  come  hy.  The  relative  (ie  of  S 

amt  S',  however,  ran  be  effectively  ntUtKOil  to  elicur.'ivHiit  fhta  difficulty  for  o  lai'jje  sreny,  FrOit) 
Eqe,  (tlS)  and  (If.ri).  It  la  snen  that  the  no’isrror  valiif-  of  3(i'^)  will  be  Kero,  the  a^^'a  are 

oven  funetlona  ot  n.  On  the  other  hand,  the  value  ol’  |S'(r^^jl  In  the  abnoruje  of  erroru  In 

i^"“'o>*ho.error  "  ^  ~  i  r/)  «„ 

m  n 


W  a. 


m 


in  *>'  n 
n 


(1»0) 


alnee  sums  of  tk*  form  T,  m  vanUh  due  to  the  evonnea*  of  c„.  The  Indicaied  prodU(;t  of  miroa 
m  f"  *“ 

Is  of  the  order  of  1')^.  Further,  6'  It  a  eaaoiid  derivative  of  the  power  pattern  and,  alnoe  the 
flret  derivative  la  zero  In  thia  region,  a  largo  varUmoo  in  S'  wuulfl  Imply  conalderable  dlitortlon 
In  (hrv  main  betm  uhupe  of  the  pattern.  But,  tTom  the  prevloua  analynie  of  the  effect  of  ramiom 
er;  ui  a  or.  the  far«rie)d  In  the  region  noar  the  main  boam.  It  la  apparent  that  the  variance  in  the 
main  hnam  region  in  small  Thna.  alnoe  the  averugo  value  of  'd'it'i,)  la  large  and  Ita  vitrianoe 
email,  replacing  S’  by  lie  average  In  the  denominator  of  Eq.  (127, '|  will  have  little  effect  on  the 
aenuraev  of  the  reault.  Thuit,  we  oen  write  2tr  aa 


Av  <a 


aO'p) 

5M-o"> 


(S>1) 


jiia  value  o\  d'ii'g)  i»  found  from  (129)  to  bt  ;r.'‘'"ig  from  (121?)  that  Kirnte  for  m  -  n  vantah,  aa 


well  an  thf  oroaa  produot  (m  x  n)  term.a): 

STv";)  ^  2F^'C  *(1)  •„  . 

The  mean  value  of  the  pointing  angla  will  than  be  given  by 


(132) 


s 

IS'(V^) 


From  Eq,  (1211),  and  the  lavt  tliatni  v  n  terma  of  the  auinmatlcmi  are  aaio,  and  the  fact  that 

i<  111  8_  •  n  Mile  to  the  even  nature  of  Wo  liivo 
m  n 

Sv  'i  0 

Thua,  the  everage  polailng  error  will  be  aero  aa  one  would  physically  iKxpaot,  Tp_cn>tH|mta  the 
wepiewe  in  flv,  noting  than  by  (1.11)  we  iJlrat  compute  the  variance  In  8  given  Uy  ir'’  *  S^v^}/ 
(S'd'j,))^ 


S^'(v^)  ^  X  S  Z  <p  •  «))  h,_  *  *p“  ^q’l 

in  n  p  q  .n  n  p  q 

'rha  aclusl  BUinmatlon  uc  (ndicnted  reprcionts  a  I'ormUlable  and  Udiouo  Inak,  atnae  tne  avoragaa 
depend  upj:'.  the  equalit!"*  and  InoqualUleB  among;  the  Indices.  However,  a  good  deal  of  tha  work 
can  be  avoided  by  noUng  certain  cheracteriatica  at  the  *um  dependent  upon  three  equaltiioe  and 
IncquaUttna  among  the  v»rlous  tndicee. 


JP7 


I 


Flrai,  ibfl  Bum  ie  obvloualy  jifiro  for  tn  n  or  p  =  ft  or  all  four  IndJor-n  etipol.  Alro,  If  the 
mim  can  be  ecparHtrtl  into  two  aeparablc  doubii  aummatlonB  Involvlnn  the  ciunnlttlca  (m  •■  n)  and 
(p  -  ri)  nrt»rale]y  llie  reaviU  wUi  be  zero  clue  to  tho  evaii  character  »k  ttie  no-error  ampUtudr- 
IViunvinstion,  Tiuiw,  one  i-t  left  v.;th  only  lilatlnct  poaalble  r.ombirjBtlona  of  tnCfcnV)  whfflh  will 
ruoult  Iti  fion-isro  iiumo.  These  alx  can  be  Kiiumernted  hb  heliiiv  with  the  '.mrieratRiiiJlns  that  no 
pqnaUtiea  other  tha.n  tliose  spoctricnity  tnentlimnd  for  e.ioh  ruaii  are  ;iermltte('.: 


m  •  p 
m  »  <1 


n  •  p 
n  3  q 


m  =  Pi  II  X] 
n  “  q;  ii  "  p 


If  one  further  Invsatlgatea  aeveral  trlKl  auma  of  the  above  oharimtir.  tt  aoon  becomsi  ap-. 
l«irent  thut  the  euttw  wiV,*  bo  of  the  order  wlfore  t  la  prcportloml  to  the  minibor  of  non-atpial 
Indlceo.  Thun,  for  large  arrays,  significant  contri'tutton  will  only  be  obtalnsi!  t'.'om  the  first 
four  OBBRO  cited  above.  Th”-?,  w«  can  aiipriwimiite  tlie  mean  aquared  value  of  S  for  large  itrrnya 
ita  Iwhtre  a.l.d.  signlflai  nM  Indtcos  ^iattiun) 

S^‘'o'  '  -  £  E  Z  w  -  ri)  (p  ..  q)  Sp  a.^ 


m  n  p  q 
(a.l.d.) 


.P-(1  i-OAl  C^(i)  C^(2) 


E  E  E  ~  (m  q)  a  * 


m  n  q 
•■(ft.lcJ.) 


|»|  *n  "q 


+  L  E  E  <»«  -  "HP  -  II.) 


(a.l.d 


-P^t  +  C  *(t) 


E  E  E  <»»“">  <n  - «!)  ‘m  "i!  "q 


m  n  q 
(a.l.d.) 


+  E  E  E  («"  -  ">  <P  -  ■")  "n  *p 


m  n  p 
(a.l.d.) 

whars  we  must  Include  the  nhue  or  all  Indices  dlatlnnt,  nUhough  the  foui'fold  sum  is  asro,  dun  to 
tsrms  of  li)(e  Indloes  which  must  ho  nuhtrsoted  off  In  the  manner  of  Sq  (Iv)  at  dee,  B.  Since  we 
arc  free  to  Interchange  Indiras  ssdeelred.  It  is  apparent  that  thars  are  only  two  dlittnci  sume  rap« 
resented  In  the  last  fuurtei'Tns  of  the  above  rolstlonshlp,  end  tiis  result  can  hr  fiirthitr  redomd  to 

‘P*C*(t)  2;  Jj  ^  (m  -  n)  (p  -  q)  s„  S|,  e^ 

III  I)  p  Q 

(H.iM 


- -ip'll  +  tr^i  o'd)  C^(E)  E  E  E  -  "Hm  -  q)  s^  s^ 

m  n  q 
(ll.I.ri.] 

-zp^ll  t  E  E  E  <»•  "  ">  <n  ■“  ‘1> 


m  n  «i 


m  n  q 
U.i.d.) 
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{)  U1V3  purforms  the  Incliuuted  nammatioflit  and  cubtritfU  out  the  (arhlddeti  ooSiibltiot'anB  ivom 
the  iiuiAs,  it  found  that  the  forbidden  som'jtnavttoiifl  are  itll  also  of  order  or  n  '  or  les-i,  axc-«pl 
the  ftrs,  term  wltere  the  exeluslona  of  liite.  oat  ari?  the  comhlnatlon  of  Indlcaa  ttiat  owpear  if. 
.he  loek  two  torn'-e  Thun,  one  ran  riegtev't  thu  other  exoliiHionD  »iul  A't,i  K  tml  I5ie  rouu'U  (the  ex- 
cluator.e  of  the  ('(rat  term  oi  order  N  rancel  exactiv)  whtRt)  te: 


V  0^1  C^it)  It  -  C^iatl  >;  a  V 

m  '  i»  ' 


IU4) 


Ttien,)jain8  (t  ii),  the  vartanre  in  Aw  boeomea 


?  r‘ +«aM*- C.(2)l  r  n‘‘•  J 

(Aw)  " - ^  T - f  y - y - 

2PC  <l)  (»  n-  •  )- 


For  amali  phaae  errora,  ualng  the  approximation 

C^(a)  .  1  -  .~p..  , 

wo  nan  rhahe  the  approximation  that 


iir.) 


(t  t  0.^1  (1  -  C  .U)) 

- A - - „  ^  ^  2  2  _ 

Indloatlnc  that  the  rnauli,  aa  pointed  out  by  Lelchter,  la  Indap'  mt  oit  amplitude  ert'ora  to  a 
ilrai  ordur. 

It  U  df  Inlereat  to  citprena  the  fractional  pointing  error  In  aom*  aort  of  a  maaningfuJ  atand- 
(trd,  The  beamwidth  of  moat  hlffh>aalR  antennae  in  term*  of  radtana  la  approx Imelaly 


«a’''rri’v  ' 

which  in  tnrms  of  m  ylitldit  the  ntaivlard  bnamwlUth 


1138) 
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If 


<139) 


Tima,  normallxliig  the  warUnce  !n  Aw  by  this  quantity,  tfe  Imva  the  reault  that  thd  rma  error  In 
atandai’d  benrnwldtha  la 


8  'rms 


2«VP 


(  *  "^"n) 

N  \ae-N^  “/ 


^1 
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.-N, 


n*  a- 


<140) 


wlinrs  the  oume  extend  over  w  range  of  n  aymmstrlnal  about  nero,  ao  t^At  w  N/z  for  even  N 
Find  (N  -  l)/z  for  odd  W. 

It  appoarr.  from  <14I))  that  the  rma  uolntlng  error  lurreaees  with  Incrnaeiivg  N.  ilowever, 
thie  in  not  the  i:bsg  as  can  be  aeon  by  In.ner'iina  sornr  values  .for  the  IJlaislnatlcn  furiotlun.  For 
example ,  for  the  ciisr  of  uniform  illumination,  «„  :■  1  for  all  n,  the  ratio  Involving  tha  i_'a 
appi'ua^^hee,  for  large  even  M, 


tn 


.  N/?,  , 

(  »■  S„  ) 


N/5  .,l/Z 

f  i'  .  r.'l 

^n=-N/  ?.  / 

'■■  j«7r-'7“ 


„  .1|,  , 

..  w  fj  ’ 


(Mil 


r--N/r 


so  tbftl  (MO)  oei’oni^B 

( £1.)  ».  ...jt-  , 

u  'rma  '' 

ijidicnilnK  tiiftt  the  rm«.  ba«m  polnlls*  error  ftctuelly  derreRSCfi  v'H.li  tbe  nijuaro  root  if  thw  number 
of  cliimentfl,  or  oqiilvoiootly,  tha  vertanre  tii  P«»iri  iiovnunif  le  uiversBiy  pro{wrtiisn»i  to  (h*  ow.ij- 
bar  of  oiaiiientB  &«  ho*  been  Been  to  he  the  i.b*o  whore  other  varfuncei-  relatei.f  to  Iho  effect  of 
rani'iom  'tvroro  on  arrnys. 

For  tilt  onao  of  large  'rrixya  'vtlh  UJuirunutlon  funetUmo  chceen  an  snmpltie  of  come  oonttn- 
uo'ie  function,  a(x). 

8^^  “  e(nn) 

It  la  more  uaiiful  to  have  the  reault  expreiied  In  integral  notation,  In  nishing  the  change  from 
jiunimatlon  to  integral,  it  ahould  be  nutoil  that  an  extra  factor  of  O  t«  resfalred  to  give  the  aiwi. 
'T'ntion  the  dlmennloria  of  area  equivalent  to  the  Integral: 

'"l 

Z  a„  e-'-PlJl'.t't’ slnil  .V 

n"-Nj 


o  I./2 

\  a(s)  exptJt'x  fit" /]  It*  ,  {142) 

>^.177; 


and  by  eucr.eiielve  differentiation  with  reapeot  to  sin  t , 
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Z  ""’•n 

n»»N, 


cJ^/2  „ 

\  x"'a(*)dK 


The  I  enult  i.-nn  then  be  ewpreaeed  in  eithc'  of  the  two  equlvalen'l  forme 


rma 


Fr/F 
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\n’-N 


-2  ^  2 
"  *n  , 


tl/* 


>fr 


no-N, 


n*  e 


(14J) 


<i24a) 


/.L/i 


(144b) 


for  larije  N. 

Lftlchier’e  resnilta  can  be  eh, own  to  be  exnrcaetblo  in  this  form,  uxeept  that  bia  reaulte  pm- 
dii't  an  rms  error  im’cer  by  y'J  for  ihe  •ante  N,^  and  P,  A  clom  examination  of  Lciohtor'e 
derivation  (which  v/ns  "ciually  carried  out  for  line  eources,  n*  indicated  by  ilhe  title)  showa  that 


'  J 
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n 


.v/a 

m  aasumeil  an  iTi-of  cQvro.Unlj;‘.  runa'i.j«i  j.'  Hn-  fni  ivs  c  tho  i<n«)  soar-'V;  «t'roi’8.  In  iil« 

spS'licatloii  of  tho  i'jtsalta  to  iu.aja.  A  waa  rfet  praai  Ui  (Ke  elflmnm  ap-tctiitj.  HowBvei’,  whe.Tt 
the  ai  '-py  e.yo)  ii  are  tiasnmen  -.'hli'pendenl  ft-nm  to  elBrr.ont  the  iorfslfllion  function 

aero  OMtuiuo  an  intnrvaj  of  one  upfcing  If  one  replticed  asBaiapiion  cf  A  -  i,v\  iviiV' 

thn  uloflef  littins  uesnrr'pti an  A  »<'.P/A..  equivalent  roaulti  n.-e  obf«iiieii. 


3.  Thu  Eff«cl  Of  Riihtloni  $.rror8  on  uto  .tccui  tiey  NulU 


In  liiln  auction  we  wiu  o.arr-lr.-  the  effei.l  of  tunJom  errovp  un  th:  rwU  pc/iitlw,  of  n  nrwne- 
p«l«e  dlffui’uiictf  pititiT  iTtvcn  by  (iiecleetlns  the  etement  fnclor) 


wherf. 


"f 

y. 

*w 

n«-Nj 


jntv-e^) 


(Hi) 


“  Pfl,j  .  (Ht) 

n 

whern  !•  th«  no-error  llluminetlo  .  of  ihe  element  when  trnnenilttlng  a  difference  pattern, 
thu  rcct'lvlng  nitse  being  Went'cnl  ty  iw'iivocUy.  In  order  to  place  a  nuU  In  the  ejeatred  hlreeUon. 
thn  d^'a  wUl  be  add  fnnctlouft  "f  n  vrheii  the  ‘■••eea  U  neninred  on  k  coordinate  ayetem  (d  j,  ■  -d^^). 

The  rnmmon  mnthuda  of  obtainlnii  the  ac-call«d  "wum"  and  "dlffarenoo''  patterne  for  mono- 
pulae  angular  dctenhlnatlon  are: 

(a)  Adding  nnd  aubtrMCttr:|  the  uutpute  uf  tv;o  halven  of  an  array  aa  iridlaaled 
In  Fig.  f“f2, 

(.1^)  Adding  and  aubtrautinff  two  ndjacenl  beami  from  ait  array  capable  of 
fcrtnlni;  iil.mul*.5"fr^ii9  b«»io» 


In  clil.cr  case,  t.t  actnia  likely  that  the  error  In  the  tUuirilnallun  aaaoolaled  with  tho  ahni  'oeam 
nnci  the  llluinlnntlon  ucdoclntud  wub  the  dlfferenoe  heam  in  any  one  olontent  la  likely  to  ba  highly 
curnvlatvd.  The  naeumpMon  will  bn  made  throughout  thin  aaotlon  tliat  the  errore  are  Identloal. 

If  the  analyaU  of  the  error  In  the  dlfferonce  pattern  pointing  accuracy  la  puraued  in  the  ttamf 
manner  an  that  for  the  oum  beam  (on  the  baatu  of  dnternilnlng  Uia  charaotaifletlca  of  the  poyrer 
l>All«rii),  the  rsaiilt  will  run  into  diffloulty  due  to  the  foci  that  in  thu  premanoe  of  arrora,  the  pewnr 
pattern  "null"  will  not  bo  aero.  FuMhortnurn,  the  power  pattern  doea  not  contain  "aeitae  Infor- 
matloii''  In  that  It  cannot  give  Inforinatlon  about  the  direction  of  the  target  ilrotn  the  beam  center. 
Time,  inatcad  of  iturauing  thte  analyeia  in  the  mnnner  of  the  prev'.oua  one,  we  will  analyae  the 
aiatiatlci  of  the  funntton  uaually  unedt  lo  datemlne  monopulae  accuracy,  which  we  will  deaighate 
the  "angle  oetiii.ator,"  K(Ap),  Thie  function  la  obtained  mathematically  by  taking  the  ratio  of  the 
difference  pattern  to  the  oomplo!*  eonyignie  of  the  eum  pattern: 


(147) 


In  the  abacT'.ce  of  errura,  the  term  in  bracketa  la  a  real  function,  atnoe  Fj(>')  i»  pure  Imaginary 
and  F^(f)  is  pure  real,  nmi  ia  elin.uai  n  linear  function  of  target  dlnplaoenient  from  the  null  (at 


See  lMg,3"7l  foi  on  ldeoMxe.1  circuit  lor  foimino  E'(Ae). 
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Isas;  loi'  n.j -.r  llif.  r.ul'O,  An  WeRllKcd  ch’i.ult  for  iictersTlnlng  E  Is  «hiwn  In  Pig,  3  TJ, 

whaoe  the  iii'.it'.>oia(IcRl  function  of  enoh  ’‘h«x‘'  io  inJicaxeti, 

Ab  was  rtona  for  tne  aum  beiun.  we  will  attempt  to  find  the  value  oi  Ar  which  reduce#  the 
ealhnator  aoro  l:y  lUe  aae  of  i'ayjor  expauaton.  Porforminf;  thla  e.Kt)£r.3lo:-i  gives 


EiAvl  i  ■>  <At*)  E'(Pjj) 


Hatice, 


EtO 

(At-; « - 


In  evttluRtlnR  to  avoid  difficultlea  t'.ue  to  the  “rsal  p«rt"reetrletlon,  ?;n  note  that 

la  a  rapidly  chanalng  function  i>f  u  near  v. .  while  F_(e)  varlaa  cemparailvisiy  slowlyj  hence. 


E'(Ai<)  «  Re 


nw]  ■ 


Equivalently, 


E'Uvv)  »  - 


iwl’- 


Writing  (141)  alnillarly,  wo  have 

..... 


By  thenii  raauUfi  find  the  fuel  that  Ref,'*)  »  “Im(il,  w«  can  write  (14V)  In  the  form 


Jm(P‘^(.-„)  P  (V  )» 

imfPSr?;prf;nv)7  • 

Let  ue  examine  the  denominator  of  the  etsov*  equation  In  the  hope  that  vto  cen,  with  little 
ei'i'or,  replace  the  denominator  by  its  ovorage  ee  wb.3  done  hi  the  examination  of  the  sum  tteaiia 
caHC,  thua  nlrcumventlng  formidable  dtfXloultlea  In  (.omputatlori.  Prom  Bq.  (143)  for  tho  dlffe.r- 
enca  far-JleW,  iind  Bq.  (t?-Ji)  from  the  prevloue  neoHon  for  iht  aum  fnr-field,  the  denominator 
of  the  txpfcsitlon  i  cn  he  written  ?ii 


Hence,  the  avarege  value  of  the  denominator  can  be  written  an 


5  “  E  n»  V 

Im  n 


.Averaging  givea 


D  =■  PjFC  ‘  (1)  I 


: -  j;  m  n,„ 


t  i()  t  (^)J  1]  m 
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The  second  siimniation  is  zero  due  +0  e.en  and  oU^  characteristics  of  the  suna  and  dlfir<;:er'''f. 

’Uvminp*^' respectively.  Consequsurlv,  ve  Orj.  ’  -i  c  the  aver«t'^  ”aiue  of  the  denomirato.  -c^ 

) 

i 


D  =  P 


Pc|  (1)  Z  ni  Z  Z  <^n  ^ 

m  n  ra  i 


To  develop  a  feeling  for  the  order  of  this  expr  r.r.coon,  let  us  assume  a  monom'.lsc  sjTattiT  of 
the  Hrst  type  cited  earlier  in  this  section  where-  the  sum  illumiriation  is  uniform  and  phase 
errors  are  small.  In  this  case,  the  average  \’al'-.e  of  the  denominator  is  simply  (for  large  N) 

15  «  pj(i  -  a^)  N.  +  f ;i  -  F,  +  _  c^]  N. j  . 

Thus,  the  average  value  of  the  denominator  is  of  the  order  of  and  will  be  quite  large  for  iai  go 
N  (and  it  is  also  apparent  that  the  second  term  can  be  neglected  for  C  '■  i)  N  »  1) . 

Thus,  the  first  requirement  for  replacing  the  denominator  of  Eq.  (150)  by  its  averige  ’'jilue 
Is  fulfilled. 

With  regard  to  the  variance  of  D,  it  is  seen  from  Eq.  (151)  that  D  is  the  sura  of  terms, 
each  of  which  is  assumed  to  have  small  variance  in  phase  and  amplitude.  Thus,  by  the  Centr  .J 

Limit  Theorem,  the  variance  in  D  should  be  the  cf  variances  much  less  than  unity.  Since 

3 

we  have  demonstrated  that  the  average  value  of  D  Is  of  order  N  ,  it  is  apparent  that  the  variance 
will  be  small  compared  to  the  square  of  the  average  value.  We  are  Indeed  justified  in  replacing 
vhe  denominator  of  Eq.  (150)  by  its  average  value  for  large  arrays  and  write 


Av  « • 


Im(F^(».o)  F^(.^)] 


P^C?  (1) 


Nl 

E 

ms-N, 


m  d 


m 


N, 


n=-N, 


(155) 


With  this  question  resolved,  it  can  then  be  stated  that  the  numerator,  Av,  is  the  sum  of 
many  independent  contributions  from  the  components  of  F^(>'^)  and  and  therefnr  ■  by 

the  Central  Limit  Theorem,  will  approach  a  Gausoisr;  distribution.  Thus,  as  with  the  sum  b  r.'iiu 
error,  we  need  only  determine  the  mean  and  variance  of  A*'. 

The  average  value  of  the  numerator  of  Eq.  (145)  is  given  by 


f'd'-o'  =  S  2  !> 


m  n 


d  ^s  ® 
m  n 


•■m  n  m 


Brv, 

m  m 


(156) 


m 


By  virtue  of  the  even  and  odd  character  of  the  sum  and  difference  illumination,  it  is  seen  that 
all  sums  vanish  and,  as  one  would  physically  expect,  the  average  value  of  Av  is  ze.ro. 

The  variance  in  A»>  is  therefore  given  by 


lAi>)^ 


(to|F^I»^;  F,<v  >1)^ 

p‘c^"u)(r 


(157) 


Best  Available  Copy 


316 


The  variance  of  the  numerator,  L,  of  this  equation  int  "?>..  of  th  '  ilZumi  -  ticn  3i  the  sum  and 
difference  pattern  is  given  by  the  quadruple  sum 


L  =  Z  Z  Z  Z  +  it^)  sin  4  ^  i 

m  n  «  ^ 


(1581 


m  n  p  q 

which  can  be  written,  by  use  of  trigonometric  identities. 


L  -  I  Z  Z  Z  Z  V  ^d„  V  +  ^n  -  ^  'P 

m  u  Ti  ft  '  * 


m 


p  q 


-co8(,^m  +  *n  + 


As  was  the  case  with  the  sum  beam  error,  the  complete  summation's;  ivkated  would  be  cx- 

^  'K\ 

tremely  difficult,  since  the  statistics  vary  with  the  degree  of  distinctnr  the  oiffei’cnv 

indices.  However,  as  with  the  sum  beam  error,;  we  can  greatly  short  proceea  for 

large  ari'ays. 

First,  it  is  apparent,  due  to  the  odd  nature  of  the  difference  illurr  uioi  .  ou, 
for  which  m  and  p  are  equal  (those  containing  d^)  will  yield  'lon-zerr  m.nfi. 
the  absolute  magnitude  of  each  of  the  component  sums  arising  from  difi.-.r  ' 
indices  will  be  of  order  N^,  where  i  is  the  number  of  distinct  summatic  is  ao  indicatc-a  in  v,it‘ 
previous  section.  Thus,  we  are  basically  interested  only  in  terms  wh’  h  yield  af,  least  three 
distinct  sums.  There  are  exactly  two  conditions  which  yield  sums  of  in  a  type.  One  such  term 
can  arise  in  the  computation  in  the  case  where  all  indices  are  distinct  f;  ora  the  st'b traction  proc 
ess  of  Eq.  (10)  of  Sec.  B.  This  term  is  zero  by  virtue  of  the  cosine  tern  averagec.  being  equ.il. 

The  other  highest-order  sum  arises  directly  from  the  c-ose  for  the  .t;  and  p  h'.dices  equal 
and  all  others  distinct,  in  which  case  we  have 


X 

that  ot|3v  terms 
S 

Furthermore, 

o' 


L  =  I  Z  Z  Z  ‘’s  K  ~  '^P  “  '  ^q’5  ■ 


m  n  q 
(a.i.d.) 


m  m  q 


where,  as  before,  (a.i.d.)  indicates  all  indices  distinct.  Since  the  like  index  terms  v.'hich  must 
be  excluded  are  all  of  order  less  than  the  threefold  summation, 


I  w  ii  -  (?)]  z  4  (z- 

m  'ft  • 


L  » 

c.  -  rt-  Ifl  ~  ip  ■ 

m  '  n 

Hence,  to  a  first  order,  we.  have  a  variance  of  Ai/  given  by 

S 

- 2  [1  +  <7]1[1-C^(E)}  nXl,  ^ 

(Av)  = 


2PC  -  (1) 


/  "X 


(160) 


The  terms  multiplying  the  summati-jms  are  identical  tothose  of  (13  ).  hence,  in,  s-r.a 
we  can  write  the  rms  fractional  error  foi  the  difference  beam  estimat 
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(161) 


/  N  vl/2 

(  *  % 

'  '■'b  '  ’.irvT 


n  d_ 


n=-N, 


As  was  the  case  for  the  avun  beam  enror,  it  appear*"  from  the  above  equation  that  the  rms 
itointinf  error  increases  with  the  number  of  elements.  However,  the  ratio  of  ihc  sucej.'’zciori 
iilters  this  variation  Fo:'  example,  if  the  d^^'s  are  derived  from  uniform  illuminMion,  <ij,  =  1. 
p  :<  0  d^  r  _i^  n  <  0. 


(Z 

X  n  d_ 


(S  1) 


.1/2 


X  n 
n 


N  -  «  N' 


3/2 


(162) 


for  large  ai  rays,  indicating  that  the  variance  actually  is  inversely  proportional  to  the  number 
of  operating  elements,  PN. 

Using  the  relationship  between  F’lmmattftns  rnd  integrals  given  in  the  previous  discussions 
on  the  sum  beam  error,  Eq.(l<  1)  can  be  expressed  in  integral  notation  [see  Eq.  (164)  below]. 


4.  A  Summary  of  Results  and  Some  Conclusions 

We  ;iave  the  following  expressions  for  the  rms  pointing  error  of  the  sum  and  difference  beams 
of  an  N-element  array  for  large  N  and  small  errors. 

.1/2 


where 


in) 


i  ^  ®n  ) 

cr^N  \n=-N.  ''Z 


s  'sum 


ZlT'/P 


ot.iWd 

_w _ 

2ir-ZF 


1 
X 

n=.N. 


2 

n  s_ 


(/’ 


) 

rL,/Z  I 

JLl/2  * 


•L/2  2  2,  _ 

*  s  M  ux 


1/2 


(163) 


L  =  ND  is  the  array  length, 

P  =  fraction  of  operating  elements, 

o.  =  rms  phase  error  (assumed:  of  «  1  radian), 
r  f 

s^  =  sum  beam  amplitude  taper,  an  even  function  of  n  for  a 
centered  array, 

s(x)  =  continuous  function  for  wh'ch  s^^  =  c(nD), 


f  -.f  ,  if  N  is  even, 

I  ^ 


Ni  = 


N-  1 


,  if  N  is  odd. 


V  =  2»/N,  the  equivalent  of  a  "standard"  bcamwid'..  -'  of  i/{ND/A) 
radians. 
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For  th?  differsiice  bcoT*;,  .  ;  ;r>s  ci-ror  is 

,  N, 


i  =  ^nj 
Y^v  / 


£  d 
'-Nt  " 

/  rL/7. 


-  -  rLi/  7.  ■> 

^  -  '  IiVs  ^ 


<  T'.'  r- 


,.L/2 

I1./2 


<  fi 
^  i 


5 

'  'i 


where  i«  tl^  difference  he  .'in  aio^-i  tude  t£.p=r,  sti  tdc',  fnn'^tion  of  n,  And  d  i  i 

function  for  whi^r’i  «  d(nl); 

n 

It  is  seen  that  both  ejrrx:':-  c..>  cci-ondent  (for  small  phase  errors)  ojuy  oi.';.tha 
variance^  and  are  indepen' .eit  of  va,  'he  amplitude  variance.  More  exac  t 
phase  errors  arerivtm  by  i  j35)  for  t;n>  •.-'Uu  beam  e”*!  by  (IfcO)  fcNr  the  dtifarencO'  (the-  r- 
equations  give  Av^,  rather  than  Ai/v^ 

For  common  illumina:ion  functicrii  ,  the  ratios  suranat^ops  of  (iiS35  and  tl6-^)  are 
order  indicating  :he  true  dep?  dence  of  tlv  on  N  it 


\'i.U 


OUi’, 


.oce.a 


Av  - 


Yn 


For  specific  iUuminr lions,  the  results  can  be  simply  exprssasd.  For  example,  wt  . 
the  following  results  for  ^ome  simple  cs  tes; 

Monopulse  j^iJe  R  ns  Sum  Beam  Error  Rms  Difference  Beam  I ... 

Sum  and  difference  c;  two  halves 
of  array  (imiform  s  un  taper, 
step  difference  tapea ) 

Sum  and  difference  c  f  two  adjacent 
beams  (cosine  sur  taper, 
sine  difference  tap^r') 

It  will  be  recalled  from  our  previous  examples  of  the  pv-axe  error  vllowable  for  (,00c! 
lobe  control  that  in  the  ■.:ase  of  phase  errors  only,  the  sidolobe  ra  tio  vr  'iance,  giver  by  (i 
lecting  element  factors) 


0.55 


0.67  -iL. 


0,64  ...j;.. 

r '> 


0.56  -ri-. 


R< 


was  required  to  be  abo  it  10  db  below  the  desired  i'ar-'0”t  sidelobe  levnl,  , .  y  —30  to  — 4Cf  r.o, 
dicating  corresponding  pointing  errors  of  3  per  cent  6a\v\\  to  about  0.  '  pe  oent.  T  lu.n,  ii  n; 
quite  likely  that  if  go^  cidelobe  control  is  maintainec'.,  the  boai.u  pouiti.ng  .*rror  duc!  t\'  rii'-  lc 
error  effects  will  be  Email;  and  one  should  carefully  examlna  ether  a>:*urcc.\'.  of  tcc.m  pcintlv; 
error  (e.g.,  the  elemfnt  factor). 
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